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PREFACE 


Since  1892,  when  the  fourth  edition  of  this  work  appeared, 
much  has  been  done  in  the  development  of  the  subject,  chiefly 
in  the  domain  of  Alternate-current  Machinery.  To  make 
room  for  the  newer  matter  the  earlier  part  of  the  book  has 
been  considerably  compressed.  Much  of  the  chapter  relating 
to  the  Magnetic  Properties  of  Iron  has  been  transferred  to 
tlie  author's  work  on  The  Electromagnet.  The  chapter  on 
Alternators  has  been  rewritten,  as  has  that  on  Transformers. 
The  subject  of  Alternate-current  Motors  has  been  divided 
into  two  parts,  the  first  being  now  devote<:l  to  Synchronous 
Motors,  the  second  to  Asynchronous  Motors :  but  the  latter 
has  been  briefly  handled,  owing  to  the  recent  publication  of 
the  author's  work  on  Polyphase  Electric  Currents^  in  which 
polyphase  methods,  both  for  generators  and  for  motors,  are 
discussed  in  detail.  The  subject  of  Motor-generators  now 
constitutes  a  separate  chapter. 

In  a  department  of  applied  science  wliich  has  not  only 
grown  so  rapidly  but  has  become  so  highly  specialized  as 
this  which  deals  with  electric  machinery,  no  single  work  can 
adequately  treat  of  all  branches.  The  author  therefore  refers 
the  reader  who  desires  to  follow  further  any  particular  branch 
to  the  documents  to  which  reference  is  made  in  footnotes 
throughout  the  book ;  and  also  to  the  books  of  Ewing  on 
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Magnetic  Properties  of  Iron  ;  of  Fleming  on  the  Alternate- 
current  Transformer  ;  of  Bedell  and  Crehore  on  Principles  of 
Alternate  Currents ;  of  Kapp  on  Transformers,  and  on  the 
Electric  Transmission  of  Energy ;  of  Weekes  on  the  Design 
of  Transformers  ;  and  of  Du  Bois  on  the  Magnetic  Circuit. 

The  author  has  again  to  acknowledge  his  indebtedness  to 
various  manufacturers  and  designers  of  machines  for  infor- 
mation and  for  material  for  preparing  the  various  drawings. 
In  particular  he  is  under  obligations  to  Messrs.  Brown,  Boveri 
and  Co.  (and  to  Mr.  C.  E.  L.  Brown) ;  to  the  Oerlikon 
Maschinenf abrik  (and  to  Mr.  E.  Kolben) ;  to  Messrs.  Mather 
and  Piatt  (and  to  Dr.  E.  Hopkinson) ;  to  Messrs.  Johnson 
and  Phillips ;  to  Mr.  H.  F.  Parshall,  of  the  British  Thomson- 
Houston  Co.,  of  London ;  to  Mr.  Thomas  Parker,  of  Wolver- 
hampton; to  the  Crocker- Wheeler  Manufacturing  Co.,  of 
Ampere,  N.  J.  ;  to  Mr.  L.  B.  Stillwell  and  to  Mr.  R.  Bell- 
field,  of  the  Westinghouse  Co. ;  to  Hon.  C.  A.  Parsons ;  to 
Messrs.  Siemens  and  Halske ;  to  the  AUgemeine  Elektrizitats- 
Gtesellsch^f t ;  to  Messrs.  Pyke  and  Harris ;  to  Mr.  W.  M. 
Mordey,  of  the  Brush  Electrical  Engineering  Co. ;  to  Mr. 
W.  B.  Sajrers ;  and  to  other  engineers  too  numerous  to 
mention. 

A  speci'd  debt  is  also  acknowledged  to  M.  Boistel,  who  in 
translating  into  French  the  former  edition  of  this  work  en- 
riched it  with  supplementary  notices  of  French  forms  of 
machines,  of  which  the  author  has  made  use. 

Lastly,  the  author  acknowledges  the  untiring  aid  he  has 

received  throughout  the  revision  from  his  assistant,  Mr. 

Miles  Walker. 

S.  P.  T. 
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DYNAMO-ELECTRIC 

MACHINERY. 


CHAPTER  I. 

INTRODUCTORY. 

A  dynanuhelectric  machine  is  a  maehinefor  converting  energy 
in  the  ferm  of  mechanical  power  into  energy  in  the  form  cf 
electric  currents^  or  vice  versd^  by  magneto^lectric  indtietion  ; 
the  operation  being  in  general  that  of  setting  conductors 
(usually  of  copper)  to  rotate  in  a  magnetic  field.  This  defini- 
tion is  fi-amed  to  include  all  machines,  the  action  of  which 
is  dependent  on  the  principle  of  induction}  discovered  by 
Faraday  in  1831. 

Every  dynamo-electric  machine  is,  however,  capable  of 
serving  two  distinct  functions,  the  convei^e  of  one  another. 
When  supplied  with  mechanical  power  from  some  external 
source  of  power,  such  as  a  steam-engine,  it  furnishes  electric 
currents.  When  supplied  with  electric  currents  from  some 
external  source  such  as  a  voltaic  battery,  it  furnishes  me- 
chanical power.     On  the  one  hand  the  dynamo  serves  as  a 

^  Induction  means  the  inducing  of  electromotive  force.  The  term  origi- 
nated with  Faraday  himself. 

"  Then  I  found  that  magnets  would  induce  just  like  voltaic  currents,  and 
by  bringing  helices  and  wires  and  jackets  up  to  the  poles  of  magnets,  eleo- 

trical  currents  were  induced  in  them These  two  kinds  of  induction 

I  have  distinguished  by  the  term  volta-electric  and  magneto-electric  <ii(7ttO- 
«on."— Faraday  to  R.  Phillips,  Nov.  1831. 

Though  Faraday  thus  fixed  the  meaning  of  the  term  as  the  operation  of 
Inducing,  a  number  of  recent  writers,  including  Hopkinson,  have  followed 
the  unfortunate  example  set  by  Maxwell  in  using  the  term  induction  In  a 
different  sense  to  mean  the  density  of  the  magnetic  flux.  This  ought  to  be 
avoided. 
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generator^  on  the  other  hand  as  a  motor.  All  dynamos,  how- 
ever, belong  to  one  of  two  great  subdivisions,  being  distin- 
guished, according  to  the  nature  of  the  current  which  they 
are  to  supply,  whether  continitous  (i,  e.  uni-directionalin  flow) 
or  alternating  (i.  e.  rapidly  reversing  the  direction  of  the 
flow).  We  shall  therefore  have  to  consider  four  classes  of 
machines — (a)  continuous-current  dynamos ;  (6)  alternate- 
current  dynamos,  or,  briefly,  alternators ;  (cr)  continuous- 
cun-ent  motors ;  (d)  alternate-current  motors.  In  the  case  of 
alternate-current  machines,  there  is  a  further  subdivision  of 
classes  into  those  which  work  with  single-phase  currents,  and 
those  which  work  with  two  or  three  currents  in  different  phases 
In  general  every  dynamo,  whether  intended  for  use  as  a  genera- 
tor or  as  motor,  consists  of  two  essential  parts,  2i  field-magnety 
usually  a*  massive,  stationaiy  structure  of  iron  surrounded  by 
coils  of  insulated  copper  wire,  and  an  armature^  a  peculiarly 
arranged  system  of  copper  conductors,  usually  wound  upon  the 
periphery  of  a  ring,  drum,  or  disk,  fixed  upon  a  shaft  where- 
by rotation  can  be  imparted  mechanically.  There  are  also 
special  devices  for  receiving  the  electric  currents  from  the 
armature  and  imparting  them  to  the  electric  circuit,  or  vice 
versdy  known  as  collectors  or  commutators^  attached  to  the 
armature  and  rotating  with  it,  and  collecting  brushes^  consti- 
tuting sliding  circuit-connections,  which  press  upon  the  mov- 
ing surface  of  the  collector  or  commutator.  In  those  cases 
where  the  collecting  brush  slides  from  one  piece  of  metal  to 
another,  thereby  changing  the  connections  of  the  circuits,  the 
revolving  part  is  known  as  tlie  commutator.  In  those  cases 
where  there  is  no  change  of  connections,  but  merely  sliding 
contact  with  one  and  the  same  piece  of  metal,  the  parts  are 
known  as  slip-rings  or  collecting-rings. 

The  function  of  the  field-magnet  is  to  provide  a  magnetic 

field  of  great  extent  and  density ;  that  is  to  saj',  to  provide 
a  great  flux  of  lines  of  magnetic  force  through  the  space 

wherein  the  armature  conductor  are  to  revolve.  It  must 
consequently  consist  of  a  large  and  well-designed,  and  there- 
fore powerful,  magnet  or  electromagnet,  having  its  poles  so 
shaped  that  the  magnetic  lines  that  issue  from  them  shall  be 
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utilized  in  the  armature  space.  The  magnetic  field  and  the 
magnetic  properties  of  iron  are  dealt  with  in  Chapter  YL; 
the  fundamental  principles  of  the  magnetic  circuit,  including 
the  designing  of  field-magnets,  are  dealt  with  in  Chapters 
VII.,  VIII.  and  XVI. 

The  function  of  the  armature  is  to  rotate  in  the  magnetic 
field,  whilst  carrying  electric  currents  in  its  copper  coils  or 
conductors ;  and,  while  so  rotating,  to  generate  electromotive 
forces  by  the  operation  of  "  cutting  "  the  magnetic  lines.  In 
many  modern  alternate-current  generators  the  armature  is 
stationary,  whilst  the  magnet  revolves.  That  part  ought  to 
be  called  the  armature,  which,  whether  revolving  or  station- 
ary, is  connected  to  the  mains,  giving  current  to  them  when 
the  machine  is  used  as  a  generator,  or  receiving  current  from 
them  when  used  as  a  motor. 

It  must  be  remembered  that  there  is  a  twofold  action 
between  a  conducting  wire  (forming  part  of  a  circuit)  and  a 
magnetic  field.  Firstly^  if  the  conducting  wire  is  forcibly 
moved  across  the  magnetic  field  (so  as  to  cut  across  the 
magnetic  lines),  electric  currents  are  generated  in  the  con- 
ductor, and  a  mechanical  effort  is  required  to  move  the  con- 
ductor. This  is  the  action  discovered  by  Faraday  and  termed 
"  magneto-electric  induction."  In  every  case  the  induction  or 
generation  of  currents  necessitates  the  application  of  me- 
chanical power  and  the  expenditure  of  energy.  This  is  the 
principle  of  the  dynamo  used  as  a  generator.  Secondly^  if 
the  conducting  wire,  while  situated  in  the  magnetic  field,  is 
actually  conveying  an  electric  current  (from  whatever  source) 
it  experiences  a  lateral  thrust,  tending  to  move  it  forcibly, 
parallel  to  itself,  across  the  magnetic  lines,  and  so  enables  it 
to  exert  force  and  to  do  work.  This  action,  which  is  the 
converse  of  the  former,  is  the  principle  of  the  dynamo  used 
as  a  motor.  In  the  first  case  power  is  required  to  drive  the 
armature ;  in  the  second,  the  armature  rotating  becomes  a 
source  of  power.  If  we  have  the  magnetic  field,  and  supply 
power  to  drive  the  rotating  conductor,  we  get  the  electric 
currents  ;  if  we  have  the  magnetic  field  and  supply  the  electric 
currents   to  the  conductor,  it  rotates  and  furnishes  power. 
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Whether  the  machine  be  used  as  generator  or  as  motor,  the 
magnetic  field  must  be  present:  hence  the  fundamental  con- 
sideration in  theory  is  the  theory  of  the  magnetic  field.  As 
every  dynamo  will  work  (at  least  theoretically)  either  as 
generator  or  as  motor,  it  should  be  possible  to  frame  a 
general  theory  for  any  machine  serving  either  of  these  two 
converse  functions.  For  the  sake  of  simplicity,  however, 
these  two  functions  will  be  separately  considered  in  the 
present  work. 

The  mathematical  theory  of  the  dynamo  is,  indeed,  com- 
plex, and  takes  different  forms  for  its  expression  in  the 
various  classes  of  machine  now  included  under  the  one  name 
of  "  dynamo."  The  progress  recently  made  in  the  tlieoretical 
treatment  of  magnetic  problems  has  simplified  matters  so 
much  that  it  is  now  possible  to  predict  from  tlie  construction 
and  dimensions  of  a  dynamo  its  electrical  output  under  given 
conditions  of  speed  and  load.  The  theory  of  alternate-cur- 
rent machines  is  different  in  many  points  from  that  of 
machines  which  are  to  furnish  continuous  currents.  The 
theory  of  the  dynamo,  then,  which  will  be  developed  in  the 
present  work,  will  not  be  a  general  mathematical  theory. 
The  aim  will  be  to  deal  with  phj'sical  and  experimental 
rather  than  mathematical  ideas,  though  of  necessity  mathe- 
matical symbols  must  be  used  here  as  in  every  kind  of 
engineering  work.  A  physical  theory  of  the  dynamo  is  not 
new,  though  none  of  any  great  completeness  had  been  given^ 
prior  to  the  appearance  of  the  author's  lectures  at  the  Society 
of  Arts  in  1882. 

Before,  however,  proceeding  to  the  general  theory  of  the 
dynamo,  it  will  be  expedient  to  introduce  a  few  historical 
notes. 

*  See  J.  M.  Gaugain,  Annales  de  Chimie  et  de  Physique,  1873;  Antoine 
Bregaet,  Annales  de  Chimie  et  de  Physique,  1870;  Du  Moncel,  Expose  des 
Applications  de  V 6lectricit€y  vol.  ii. ;  Niaudet,  Machines  ^lectriques ; 
Dredge's  Electric  Illumination ;  Sch^llen,  Die  Magneto-  und  Dynamo- 
elektrischen  Maschinen  (3d  edition,  1883). 


CHAPTER  n, 

HISTORICAL     NOTES. 

Faraday's  discovery  of  the  magneto-electric  induction  of  cur- 
rents was  made  in  the  autumn  of  1831,  and  communicated,  on  Nov. 
24th,  to  the  Royal  Society  in  a  paper  printed  in  the  Philosophical 
TranaactionSy  and  reprinted  in  the  beginning  of  the  first  volume  of 
Faraday's  Eocperimental  Researches  in  Electricity,  His  first  ex- 
periments related  to  the  production  of  induced  currents  in  a  coil  by 
means  of  currents  started  or  stopped  in  a  neighboring  coil ;  from 
these  he  went  on  to  currents  generated  in  a  coil  moved  in  front  of 
the  poles  of  a  powerful  steel  magnet.  Upon  thus  obtaining  elec- 
tricity from  magnets  he  attempted  to  construct  **  a  new  electrical 
machine.''  A  disk  of  copper,  12  inches 
in  diameter  (Fig.  1),  and  about  one- 
fifth  of  an  inch  in  thickness,  fixed 
upon  a  brass  axle,  was  mounted  in 
frames,  so  as  to  allow  of  revolution, 
its  edge  being  at  the  same  time  in- 
troduced between  the  magnetic  poles 
of  a  large  compound  permanent  mag-  fjq^  i 

net,  the  poles  being  about  half  an     Faraday's  Disk  Dynamo. 
inch  apart.i    The  edge  of  the  plate 

was  well  amalgam^rted,  for  the  purpose  of  obtaining  a  good  but 
movable  contact,  and  a  part  round  the  axle  was  also  prepared  in 
a  similar  manner.  Conducting  strips  of  copper  and  lead,  to  serve 
as  electric  collectors,  were  prepared,  so  as  to  be  placed  in  con- 
tact with  the  edge  of  the  copper  disk  ;  one  of  these  was  held  by 
hand  to  touch  the  edge  of  the  disk  between  the  magnet  poles. 
The  wires  from  a  galvanometer  were  connected,  the  one  to  the 
collecting-strip,  the  other  to  the  brass  axle;  then  on  revolving 
the  disk  a  deflexion  of  the  galvanometer  was  obtained,  which 
was  reversed  in  direction  when  the  direction  ofrthe  rotation  was 

1  Experimental  Besearches,  i.  25,  art.  85.  This  piece  of  apparatus  is  still 
preserved  at  the  Royal  Institution.  It  was  shown  in  action  by  the  autlior 
of  this  work,  at  a  lecture  at  the  Royal  Institution  delivered  April  11th,  1801. 
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reversed.  "Here,  therefore,  was  demonstrated  the  production 
of  a  permanent  current  of  electricity  by  ordinary  magnets." 
These  effects  were  also  obtained  from  the  poles  of  electromagnets, 
and  from  copper  helices  without  iron  cores.  Several  other  forms 
of  magneto- electric  machines  were  tried  by  Faraday. 

In  one,*  a  flat  ring  of  twelve  inches  external  diameter,  and  one 
inch  broad,  was  cut  from  a  thick  copper  plate,  and  mounted  to 
revolve  between  the  poles  of  the  magnet,  two  conductors  being 
applied  to  make  rubbing  contact  at  the  inner  and  outer  edge  at 
the  part  which  passed  between  the  magnetic  poles.  In  another,^ 
a  disk  of  copper,  one-fifth  of  an  inch  thick  and  only  \\  inch  in 
diameter  (Fig.  2),  was  amalgamated  at  the  edge,  and  mounted 
on  a  copper  ax>.    A  square  piece  of  sheet  metal  had  a  circular 


Fia.  2.— Faraday's  Teetotum 
Apparatus. 


Fig.  8.— Fa&aday^  Rotatzno 

Ck)FPEB  CYUNDER. 


hole  cut  in  it,  into  which  the  disk  fitted  loosely,  a  little  mercury 
completed  communication  between  the  disk  and  its  surrounding 
ring.  The  latter  was  connected  by  wire  to  a  galvanometer;  the 
other  wire  being  connected  from  the  instrument  to  the  end  of  the 
axle.  Upon  rotating  the  disk  in  a  hoiizontal  plane,  currents 
were  obtained  though  the  earth  was  the  only  magnet  employed. 
Faraday  also  proposed  a  multiple  machine*  having  several 
disks,  metallically  connected  alternately  at  edges  and  centres  by 
means  of  mercury,  which  were  then  to  l)e  revolved  alternately  in 
opposite  directions.  In  another  apparatus^  a  copper  cylinder 
(Fig.  3),  closed  at  one  extremity,  was  put  over  a  magnet,  one  half 


^  Experimental  Researches^  i.  art.  185, 
•  !&.,  art.  158. 


•  lb.,  art.  155. 
«  i&.,  art.  2ia 
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of  which  it  enclosed  like  a  cap,  and  to  which  it  was  attached  with- 
out making  metallic  contact.  The  arrangement  was  then  floated 
upright  in  a  narrow  jar  of  mercury,  so  that  the  lower  edge  of  the 
copper  cap  touched  the  fluid.  On  rotating  the  magnet  and  its 
attached  cap,  a  current  was  sent  through  wires  from  the  mercury 
to  the  top  of  the  copper  cap.  In  another  apparatus,^  still  pre- 
served at  the  Boya]  Institution,  a  cylindrical  bar  magnet,  half 
immersed  in  mercury,  was  made  to  rotate,  and  generated  a  cur- 
rent, its  own  metal  serving  as  a  conductor.  In  another  form,* 
the  cylindrical  magnet  was  rotated  horizontally  about  its  own 
axis,  and  was  found  to  generate  currents  which  flowed  from  the 
middle  to  the  ends,  or  ric6  vered^  according  to  the  rotation.    In 


Fio.  4.— Faraday's  Rotatino  Rectangle. 


all  these  machines  the  operations  were  homopolar,  and  the  in* 
duction  continuous;  but  in  another  machine  (Fig.  4)  constructed 
some  time  later,'  the  operation  was  heteropolar^  and  the  induction 
alternate.  Here  a  simple  rectangle  of  copper  wire,  attached  to 
a  frame,  was  rotated  about  a  horizontal  axis  placed  east  and 
vrest,  and  generated  alternate  currents,  which  could  be  collected 
by  a  simple  commutator. 

Within  a  few  months  machines  on  the  principle  of  magneto- 
induction  had  been  devised  by  Dal  Negro,*  and  by  Pixii.'  In  the 
latter^s  apparatus  a  steel  horseshoe  magnet,  with  its  poles  up- 
'wards,  was  caused  to  rota^  about  a  vertical  shaft,  inducing  al- 
ternate currents  in  a  pair  of  bobbins  flxed  above  it,  and  provided 
with  a  horeshoe  core  of  soft  iron.    Later,  in  1832,  Pixii  produced. 

• 

1  Experimental  Researches,  I.  art.  220. 

« lb.,  art.  222.  •  /6.,  Hi.  art.  S192. 

*  Phil.  Mag.  [8]  1.  45,  July  1832  (an  oscillatory  apparatus). 

»  Ann.  Chtm.  Phys.,  I  822,  1832. 
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at  the  suggestion  of  Amp^re,^  a  secord  machine,  provided  with 
commutators  to  rectify  the  alternating  currents.  Further  im- 
provements were  made  by  Ritchie  *  and  Watkins.*  In  1833  ap- 
peared the  machine  of  Saxton,*  and  two  years  later  that  of  Clarke ; » 
both  having  the  steel  horseshoe  magnet  a  fixture,  and  having  as 
a  revolving  armature  an  electromagnet  consisting  of  a  pair  of 
bobbins  wound  upon  a  simple  horseshoe  of  ii  on.  darkens  machine 
possessed  many  original  details,  including  a  special  form  of  com- 
mutator for  giving  short,  sharp  currents  for  physiological  pur- 
poses. In  it  the  armature  rotated,  not  opposite  the  ends,  but  in 
close  proximity  to  the  flat  faces  of  toe  magnet.  In  Saxton's 
machine,  which  was  shown  to  the  British  Association  at  Cam- 
bridge in  1833,  the  armature  wr.5  lOtated  opposite  the  polar  ends, 
and  consisted  of  four  coils.  Von  Ettingshausen,®  in  1837,  brought 
out  a  very  similar  alternate-current  machine,  with  a  special  de- 
vice by  which  the  alternate  currents  could  be  cut  out.  Poggen- 
doi'ff,^  in  1838,  devised  a  special  mercury-cup  commutator  for 
Saxton's  machine,  to  make  the  cun*ents  less  discontinuous. 

Other  improvements  in  detail  were  made  by  Petrina,^  who  im- 
proved the  commutator;  Jacobi,®  who  pointed  out  the  import- 
ance of  using  short  cores  for  the  armatures ;  Sturgeon, lo  who  placed 
a  shuttle- wound  coil  longitudinally  between  the  limbs  of  a  horse- 
shoe magnet,  and  who  also  invented  the  simple  two-part  com- 
mutator or  **unio-directive  discharger,"  as  he  termed  it; 
Stohrer,"  who  showed  how  to  construct  a  six-pole  machine  with 
six  bobbins  in  the  armature ;  Ritchie, ^^  who  employed  tubular  cores 
and  a  double  winding;  and  Pulvermacher,^*  who  in  1849  proposed 
the  use  of  thin  laminae  of  iron  as  core-plates.     Woolrich,"  in  1841, 

1  Ann,  Chim,  Phys.y  li.  TO,  ia32. 

2  Phil.  Mag.  [3]  viil.  455;  [3]  x.  280, 1837;  and  Phil.  Trans.,  1!.  818, 1833. 


«  Phil.  Mag.  [S[ 
*  Phil.  Mag.  [3 


vii.  107,  1835. 

ix.  860,  1836. 

«  Phil.  Mag.  [3]  ix.  262,  18;i6;  x.  365,  455,  1837;  and  Sturgeon's  Annals 
of  Electricity,  i.  145. 
0  Gehler's  Physikalisches  Worterbuch,  ix.  122,  1838. 

7  Pogg.  Ann.,  xlv.  385,  iaS8. 

8  Pogg.  Ann.,  Ixiv.  58,  1845. 
»  Pogg.  Ann,,  Ixix.  194,  1846. 

^'^  Annals  of  Electricity,  ii.  1,  1838.    See,  also  Sturgeon's  Scientifle  Re- 
searches, p.  252;  also  Phil.  Mag.,  vii.  231,  18:55. 
"  Pogg.  Ann.,  Ixi.  417,  1884;  Ixxvii.  467,  1849. 
w  Specification  of  Patent,  14,899  of  1849. 
^'  Loc.  cit. 
1*  See  also  Specification  of  Patent,  9431  of  1842, 
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devised  a  multipolar  machine  for  electroplating,  having  twice  as 
many  rotating  coils  as  magnet- poles.  Wheatstone*  began  his 
improvements  in  1841,  with  n  machine  in  which  for  the  first  time 
the  armature  coils  were  so  grouped  as  to  give  a  really  continuous 
current  (Fig.  5).  For  thiu  purpose  five  armatures,  each  consist- 
ing of  a  pair  of  short  pamllel  cylindrical  coils  with  iron  cores, 
and  each  having  a  simple  split-tube  commutator,  were  arranged 
in  a  row  along  a  single  shaft,  with  six  compound  steel  magnets 
between  them,  the  five  armatures  being  so  set  that  they  came 


no.  5.— WHEATSTONE'S  CONTINrOUS-CCRRENT  MACHINE. 

Buccessively  into  the  position  of  greatest  activity,  no  two  of  them 
being  commuted  at  the  same  instant.  They  were  connected  in 
series  with  one  another  by  wires,  which  joined  the  positive  brush 
— a  brass  spring — of  one  to  the  negative  brush  of  the  next.  In 
1845  Wheatetone  '  and  Cooke  patented  the  use  of  electromagnets 
instead  of  steel  permanent  magnets  in  such  machines.  In  1648 
Jacob  Brett  *  made  the  important  suggestion  of  causing  the  cur- 
rent developed  in  the  armature  by  the  permanent  magnetism  oJ 

'Specification  of  PateiH,  0022 of  1841. 

•  Specification  of  Patent,  10,<w5  of  ISI.'i. 

•  Speciacation  of  Patent,  12,054  of  1«48. 
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the  field-magnets  to  be  transmitted  through  a  coil  of  wire  suF' 
rounding  the  magnet,  so  as  to  increase  its  action.  This  sugges- 
tion, which  appears  to  be  the  first  indication  of  the  principle  of 
the  self -exciting  dynamo,  was  independently  made  in  1851  by  Sin- 
steden,*  who  appears  to  have  had  full  knowledge  of  the  fact,  in- 
vestigated by  Miiller,  that  steel  incapable  of  receiving  a  temporary 
magnetization  not  greatly  inferior  to  that  of  wrought  iron,  and 
far  in  excess  of  that  which  it  can  permanently  retain.  Sinsteden^s 
researches  were  numerous  and  important,  relating  to  the  best 
width  of  polar  surface  to  employ,  to  the  use  of  pole-pieces,  and  to 
the  lamination  of  armature  cores,  for  which  purpose  he  employed, 
in  1849,  iron  wire  bundles.  A  quite  different  type  of  machine 
was  suggested  independently  by  Ritchie,*  by  Page,*  and  by  Du- 
J8u:din,*  in  which  neither  field-magnet  nor  armature  rotated ;  the 
•coils  in  which  the  currents  were  to  be  induced  were  wound  upon 
polar  extensions  of  the  field-magnets,  and  the  induction  was  pro- 
duced by  rotating  in  front  of  them  pieces  of  soft  iron,  which  set 
up  rapid  periodic  variations  in  the  magnetic  field.  Machines  on 
this  "  inductor"  principle  were  later  devised  by  Holmes,  Henley, 
Wheatstone,  Wilde,  Sawyer,  by  the  author  of  this  work,  and  by 
Kingdon. 

Nollet,*  in  1849,  devised  an  alternate-current  machine,  in  the 
construction  of  which  he  was  joined  by  Van  Malderen;  and  after 
the  death  of  Nollet  this  was  developed,  with  the  aid,  first  of 
Holmes,  then  of  Masson  and  Du  Moncel,  into  the  "Alliance"* 
machii^e  which,  from  the  year  1863,  did  good  service  in  the  light 
houses  of  France.  Holmes  continued  to  perfect  his  work,  and 
produced  a  fine  machine;''  which  in  1857  received  high  commen- 
dation from  Faraday.  The  great  machine  of  Holmes  shown  in 
the  International  Exhibition  of  1862,  was  a  continuous-current 
machine,  with  a  large  commutator  and  rotating  rollers  for 
brushes;  the  bobbins,  160  in  number,  were  arranged  on  the  peri- 
pheries of  two  wheels,  each  about  9  feet  in  diameter.    There  were 

^  Pogg»  ^nn.,  Ixxxiv.  186,1851.  For  Sinsteden's  other  researches  see 
Pogg.  Ann.,\xxyL  29,  195  and  524,  1S49;  Ixxxiv.  181, 1852;  xcil.  1  and  220, 
1854;  xcvi.  353,  1855;  czxxvii.  290  and  483,  1869. 

«  Phil.  Mag.,  [3]  x.  280,  1837.  «  Annals  of  Electricity,  489,  1839. 

*  Comptes  Rendu^,  xviii.  8:37,  1844;  xxL  528,  892,  1881, 

*See  Specification  of  Patent,  13,  302  of  1850.  See  also  Douglass  in  Proe. 
Lut.  Civil  Engin.,  Ivii.  1878-9. 

•  See  Du  Moncel' s  Exposedes  Applications  de  V Electricity,  i.  361.  Also 
sea  Le  Roux,  Bulletin  de  la  Society  d" Encouragement,  1868. 

V  See  Douglass,  loc.  cit.  Also  Specifications  of  patents,  573  of  1856,  2066 
of  1868,  and  1774  of  18«9. 
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sixty  horBeshoe  magnets  arranged  in  three  circles,  each  present* 
ing  radially  forty  poles.  In  1867  Holmes  remodelled  his  machine, 
making  the  field-magnets  more  powerful  in  proportion,  and  leav- 
ing the  induced  currents  uncommuted ;  and  in  1869  he  introduced 
the  principle  of  diverting  the  current  from  a  few  of  the  armature 
coils,  through  a  commutator,  to  excite  the  field-magnets.  This 
period  was  one  of  great  activity.  In  1855  Hjorth  ^  patented  a 
remarkable  machine,  having  for  its  field-magnets  a  compound 
arrangement  of  a  permanent  magnet  to  provide  initial  currents, 
and  powerful  electromagnets  to  be  excited  up  by  the  currents 
generated  by  the  machine  itself. 

C.  W.  Siemens  >  in  1856  provisionally  patented  the  famous 
shuttle-woimd  longitudinal  armature,  invented  by  Werner  Sie- 
mens. In  1859,>  he  made  the  suggestion  that  the  core  only  need 
rotate,  the  coils  being  fixed  in  grooves  in  the  pole-pieces  of  the 
field-magnets.  Wflde,^  of  Manchester,  embarked  on  a  remark- 
able series  of  researches  from  1861  to  1867.  Beginning  with  small 
apparatus  for  telegraphic  purposes,  he  was  led  in  1863  to  devise 
an  apparatus  having  a  shuttle- wound  Siemens  armature  between 
the  poles  of  a  powerful  electromagnet,  the  coils  of  which  were 
traversed  by  currents  furnished  by  a  small  auxiliary  machine — 
with  shuttle-wound  armature  and  permanent  magnets — mounted 
upon  its  sununit.  In  1866  and  1867  Wilde  devised  alternate-cur- 
rent machines,  of  which  the  latest  had  a  number  of  bobbins 
mounted  on  the  periphery  of  a  disk  rotating  between  two  oppo- 
site crowns  of  alternately  polarized  field-magnets — a  type  which 
survives  to  the  present  day.  These  machines,  originally  separ- 
ately excited  by  currents  from  a  small  magneto  machine,  were 
made  self-exciting,  in  1873,  by  diverting  through  a  commutator 
the  currents  induced  in  one  or  more  of  the  armature  bobbins. 
The  principle  of  using  the  whole  or  part  of  the  machine's  own 
currents  to  excite  the  requisite  magnetism  of  its  field-magnets 
was  by  this  time  becoming  recognized.  As  mentioned  above, 
Brett,  Sinsteden,  and  Hjorth  had  all  made  use  of  his  priuci* 
pie.     In  1858,  Johnson,*  patent  agent  for  a  foreign  inventor, 

1  Specifications  of  Patents,  12,  295,  of  1848,  2199  of  1854,  2198  of  1854, 
806  of  1855,  807  of  1855,  and  808  of  1855. 

*  Specification  of  Patent,  2017  of  1856.  See  W.  Siemens,  Fogg,  Ann,^  cL 
271, 1857. 

*  Specification  of  Patent,  512  of  1859. 

«  Specifications  of  Patents,  299,  858,  1994  and  2997  of  1861;  516  and  SOOO 
of  1S63,  1412  and  2753  of  1865,  3209  of  1866,  and  824  of  1867. 
<  Specification  of  Patent,  2670  of  18o8. 
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states;  "  It  is  proposed  to  employ  the  electromagnet  in  obtaining 
induced  electricity,  which  supplies  wholly  or  partially  the  elec- 
tricity necessary  for  polarizing  the  electromagnets,  which  elec- 
tricity would  otherwise  be  required  to  be  obtained  from  batteries 
or  other  known  sources."  In  July  1866,  Murray^  stated  that  he 
had  connected  in  series  with  the  armature  some  coils  wound  on 
the  field-magnets  of  his  magneto  machine  and  recommended  the 
adoption  of  this  plan.  In  October  1866,  Moses  G.  Farmer  *  wrote 
to  Wilde  of  Manchester,  describing  his  success  in  winding  main 
circuit  coils  upon  the  field-magnets  of  his  machine,  so  as  to  cause 
it  to  excite  its  own  magnets.  In  November  1866,  Baker*  stated 
that  the  secondary  currents  from  the  revolving  magnets  might 
be  applied  to  magnetize  the  fixed  magnets.  In  December  of  the 
same  year  C.  and  S.  A.  Varley*  filed  a  Provisional  Specification 
for  a  machine  having  electromagnets  only,  which  apparatus, 
however,  required  before  using  to  have  given  to  it  a  small 
amount  of  permanent  magnetism  since  the  inventors  state  that 
**the  bobbins  become  slightly  magnetized  in  their  passage  be- 
tween the  poles  of  the  permanent  magnets."  This,  it  must  be 
conjectured,  was  given  to  it  by  passing  an  electric  current  through 
the  coils  of  the  electromagnets;  a  device  which  reappears  in 
another  machine  patented  by  the  same  inventors  in  June  1867, 
and  again  in  another  by  O.  and  F.  H.  Varley  in  1869.  The  elec- 
tromagnets of  the  1867  machine  were  wound  with  two  separate 
circuits,  supplied  alternately  with  currents  from  two  commuta- 
tors which  received  the  currents  from  two  separate  pairs  of  coils. 
Mr.  S.  A.  Varley  continued,  in  1868  and  1871,  to  patent  magneto- 
electric  generators.  In  1876  he  returned  to  the  self-exciting 
method,  employing  a  multiple  armature  in  which  the  principle 
was  applied  of  cutting  out  each  coil  in  succession  during  the 
rotation.  In  this  machine  also  there  were  two  windings  on  the 
field-magnets,  one  of  greater  resistance  than  the  other,  both  of 
which  Avere  led  to  the  lamp,  the  circuit  of  greater  resistance 
being  always  closed.  It  was  not,  however,  clear  that  this 
method  of  double  winding  was  what  is  now  understood  as  ''  com- 
pound winding,"*  until  such  .was  laid  down  with  legal  authority 
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1  See  Engineer,  p.  42,  July  20,  1866. 

2  Proc.  Lit,  and  Phil.  Soc.  of  Manchester^  vi.  107. 
»  Specification  of  Patent,  3089  of  1860. 

*  Specification  of  Patent,  3394  of  1800.  Other  Varley  Specifications  are 
1755  of  1867,  315  of  1808,  131  and  1150  of  1871,  4905  of  1870,  270  and  4435  of 
1877,  4100  of  1878. 

«  See  Phil.  Mag.  [4]  xlv.  439,  1873. 
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b7  a  Scotch  judge  fifteen  years  later.  Returning  to  the  self -ex* 
cdtiDg  principle,  we  find  that  on  January  17th,  1867,  Dr.  Werner 
8iemenB>  deecribed  to  the  Berhn  Academy  a  machine  for  gener- 
ating electric  currents  by  the  application  of  mechanical  power, 
the  currents  being  induced  in  the  coils  of  a  rotating  armature  by 
tbe  action  of  electromaguets,  which  were  themselves  excited  by 
the  currents  so  generated.  In  this  machine  also  initial  permanent 
magnetism  was  to  be  given  by  sending  a  preliminary  current 
tlirough  the  coils  from  a  battery.  To  mark  tbe  importance  of 
this  departure  Siemens  coined  tbe  name  dynama-el^iric  machine, 
which  now,  in  the  shortened  form  of  dynamo,  has  become  the 


Fio.  6.— PACtNom's  Machine,  wifh  Ring  Akiutuke. 

famiUar  term  for  all  these  electric  machines  driven  by  mechani- 
cal power,  whether  self-excited  or  not.  On  the  same  day  that 
this  discovery  waa  announced  to  the  Royal  Society,  February 
14th,  1867,  a  paper  was  read  by  Sir  C.  Wheatstone/  making  an 
almost  identical  suggestion;  but  with  this  difference,  that  whilst 
Siemens  proposed  that  the  exciting  coils  should  be  in  the  main 
circuit,  in  series  with  the  armature  coils,  Wheatstone  proposed 
that  they  should  be  connected  as  a  shunt.  A  self-exciting 
machine  without  permanent  magnets  had  indeed  been  constructed 

1  Berliner  BeHcMe,  Jan.  1867;  Ftoc.  Roy.  Soc,  Feb.  14,  1867;  Specl* 
cation  of  Patent,  261  of  1867;  and  Fogg.  Ann.,  cjux.  332,  1807. 

*Prot.  Boy.  Soc,  Feb.  14, 1867. 
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for  Wheatfltone  by  Ux.  Stroh  in  the  summer  of  1866.  In  1867 
Ladd*  exhibited  a  Belf-ezciting  machine  havii^  two  sbuttle- 
wound  armatures,  a  small  one  to  excite  the  common  field-magnet, 
a  large  one  to  supply  currente  for  electric  light. 

meantime  the  question  of  procuring  continuous  currents,  with 
less  fluctuation  in  their  strength,  had  come  up,  and  bad  received 
from  Pacinotti  *  an  answer  which,  though  it  fell  into  temporary 
oblivion,  is  now  recognized  as  of  great  merit.  He  devised  a 
machine,  first  described  in  1864,  having  as  its  armature  an  elec- 


FlQ.  7.— ORAXME  UaCHINE,  LaBORATORT  PATTBBtl. 

tromagnet  in  the  form  of  a  ring,  the  core  consisting  of  a  toottied 
iron  wlieel,  between  the  teeth  of  which  the  coils  were  wound  in 
sixteen  separate  sections.  He  denominated  this  a  "transversal 
electromagnet."  The  coila  being  joined  up  in  a  closed  circuit,  if 
atanypointacurrent  was  introduced,  it  flowed  both  ways  through 
the  coils  to  some  other  point  where  it  weis  taken  off  by  a  return 
wire.    By  the  device  of  leading  down  connections,  at  sixteen  dif- 

I  Pft((.  Jfoff.  [4]  sixlil.  544,  1867.         "  JVuotJO  Cimento,  lix.  878, 1866, 
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terent  poiDts  around  the  ring,  to  sixteen  insulated  pieces  of  metal 
arranged  as  a  comoMitator,  it  was  poeaible  to  cause  magn  Aio  polee 
to  appear  in  the  ring  at  any  desired  points.  Tlie  principle  of 
-winding  a  continuous  coil  in  separate  symmetrical  sections  around 
a  ring,  or  other  figure  of  revolution,  was  independently  invented, 
in  1870,  by  Gramme,*  whose  ring  had  no  teeth,  and  was  entirely 
overwound  with  wire.  By  winding  an  armature  with  a  number 
of  such  symmetrically  grouped  coils  which  pass  succeeeively 
through  the  magnetic  field,  currents  can  be  obtained  that  are 
practically  steady.  The  introduction  of  the  Gramme  armature 
was  at  once  recognized  as  marking  an  important  step,  and  it  gave 


no.  8.— SiEMENs's  Dynamo  wrm  vos  Hetner  Alteneck^ 
Dbum-wound  Ahhaturb. 

a  fresh  impetus  to  invention.  In  1873  von  Hefner  Alteneck" 
modified  the  longitudinal  armature  of  Siemens  by  covering  it  with 
windings  spaced  out  at  symmetrical  angles  to  secure  the  same  ad- 
vantage of  continuity,  and  Lontin  'in  ]8748oughttoperformalike 
transformation  upon  an  armature  with  radiating  poles.  Gramme 
and  Siemens  both  devised  many  special  forma  of  machines,  some 

'  CompfM  Rtniv*.  Iiilti,  175,  1871,  and  Ixiv.  14B7, 1872;  and  SpeclBca- 
tlon  of  Patent,  1008  of  1870.  » 

*  Specificatton  of  Patent,  2006  of  1873.  A  similar  an^esClon  had  been 
thrown  out  the  previous  year  by  Wonns  de  Romllly. 

'  SpeciflcatiooB  of  Pat«Dta  473  o(  1875,  386  and  3204  of  1878. 
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furntshing  alternating  currents,*  others  continuous  currents. 
Bertin  in  1875,  Brush  in  1879,  and  Siemens,*  in  1880,  revived  the 
method  of  shunt-winding. 

In  1878  Pacinotti  *  devised  a  kind  of  armature  in  which  the 
conductors  took  the  form  of  a  flat  disk  or  fly-wheel.  Brush  *  also 
introduced  his  famous  dynamo  embodying  the  principle  of  open- 
coil  working.  He  also  introduced  the  simultaneous  use  of  a  shunt 
and  a  series  winding  for  the  purpose  of  enabling  the  machine  to 
do  either  a  large  or  a  small  amount  of  work.  Another  open-coil 
machine  was  introduced  in  1880  by  Elihu  Thomson  and  E.  J . 
Houston,*  of  Philadelphia.  About  the  same  time  Weston  •  de- 
vised several  forms  of  dynamo,  and  in  particular  developed  shunt- 
wound  machines.  Many  other  American  inventors  produced 
dynamos,  amongst  them  Edison,^  who  began  in  1878,  with  a  ma- 
chine in  which  the  motion  was  oscillatory  instead  of  rotatory, 
a  device  which  had  been  tried  by  Dujardin,*  in  1856,  by  Siemens,* 
in  1859,  by  Wilde,*°  in  1861,  and  abandoned.  Edison  himself 
abandoned  it  in  1879  for  a  form  of  machine  having  a  modified 
Hefner- Al ten eck  armature  and  an  elongated  shunt-wound  electro- 
magnet. In  1881  he  produced  a  disk  dynamo  on  the  same  lines 
as  Pacinotti's  disk.  The  same  year  saw  a  revival  of  alternate- 
current  machines  in  the  forms  devised  by  Lord  Kelvin  ^  (and  in- 
dependently by  Ferranti)  and  Gordon,  12  who  constructed  large 
two-phase  generators. 

About  this  time  multipolar  dynamos  began  to  come  into  favour, 
the  multipolar  drum  armature  introduced  by  Lord  Elphinstone  *• 
and  Mr.  Vincent,  and  the  multipolar  ring,  independently,  by 
Schuckert,  Gramme,  Giilcher,  and  Mordey .  1*  Lord  Elphinstone  in 
particular  drew  attention  to  the  importance  of  perfecting  the  mag-, 
netic  circuit,  though,  for  purely  mechanical  reasons,  his  machine 

1  Specifications  of  Patents,  Gramme,  953  of  1878  ;  Siemens,  3134  of  1878. 

•  FhiU  Trans.,  March  1880.  »  Nuovo  Cimento  [3]  i.  1881. 

♦  Specification  of  Patent,  t>(X>3  of  1878. 
6  Specification  of  Patent,  315  of  1880. 

6  Specifications  of  Patents,  4280  of  1876,  1014  and  2194  of  1882. 

7  Specifications  of  Patents,  4226  of  1878,  2402  of  1879,  1240  and  2954  of 
1881,  and  2052  of  1882. 

*  See  Du  MoncePs  Expos^,  des  Applications,  1.  p.  372. 
»  Specification  of  Patent,  512  of  1859. 

w  Specification  of  Patent,  924  of  1861. 

"  Specification  of  Patent,  5668  of  1881. 

»2  Specifications  of  Patents,  6536  of  1881  and  2871  of  1882. 

M  Specifications  of  Patents,  332  of  1879,  and  2893  of  1880. 

>*  Specification  of  Patent,  400  of  188:i. 
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80UI1  became  obsolete.  Hopkinson  ^  showed  how  greatly  the  per- 
formance of  a  dynamo  was  improved  by  improving  and  making 
more  compact  its  magnetic  circuit,  whilst  Crompton  «  amidst  a 
number  of  improvements  in  detail,  showed  the  advantage  of  in- 
creasing the  cross-section  of  iron  in  the  armature  core.  Meantime 
theoretical  considerations  had  led  Marcel  Deprez,*  in  1881,  to  the 
conclusion  that  a  dynamo  driven  at  a  certain  critical  speed  ought 
to  be  able  to  distribute  currents  at  a  constant  potential  if  its  field- 
magnets  were  provided  with  a  second  coil  to  furnish  from  a  bat- 
tery or  other  source  an  independent  and  constant  auxiliary  ex- 
citation. This  was  almost  immediately  followed  by  the  general 
adoption  of  the  so-called  compound  winding,  for  the  purpose  of 
obtaining  a  self-regulating  dynamo,  this  advance  being  the  sub- 
ject of  conflicting  rival  claims.  Since  1883  the  chief  progress 
made  has  been  in  details  of  design  and  mechanical  construction. 
Large  multipolar  machines  for  continuous  currents  have  been 
designed  by  Siemens  and  Halske,  by  C.  E.  L.  Brown,  and  others, 
and  are  superseding  bipolor  forms.  Disk  dynamos  have  also 
been  introduced  by  Desroziers  and  by  Fritsche.  S{)ecial  methods 
of  construction  to  facilitate  the  sparkless  collection  of  large  cur- 
rents have  been  devised  by  Ryan  and  by  W.  B.  Sayers.  Large 
alternating  machines  have  been  constructed  by  various  desginers, 
Mordey's  machine  having  a  notable  departure  in  the  use  of  a 
single  compact  magnetic  circuit  for  the  field-magnet.  Polyphase 
alternate-current  generators  have  been  introduced,  chiefiy  since 
1891,  for  the  purpose  of  furnishing  two  or  more  alternate  currents 
differing  in  phase  from  one  another ;  the  reason  for  these  machines 
being  the  convenience  of  distributing  power  by  alternate  currents 
to  polyphase  motors.  Quite  recently  there  are  signs  of  a  revival 
of  the  **  inductor*' type  of  alternator,  having  no  copper  in  the 
moving  parts;  Xingdon,  Stanley,  Brown,  Dobrowolsky,  Pykeand 
Thury  having  independently  perfected  such  machines.  The  * '  um- 
t)rella  type  of  dynamo,  with  vertical  driving  shaft  was  introduced 
by  Brown  for  turbine  service,  and  has  been  used  in  many  very 
large  machines.  The  largest  are  the  two-phase  alternators  in  use 
at  Niagara,  constructed  by  the  Westinghouse  Co. 

The  other  branch  of  the  subject,  that  of  the  electric  motor,  goes 
back  to  the  discovery  by  Faraday  *  in  1821  of  electromagnetic  rota* 

1  Specification  of  Patent,  973  of  188^3. 

2  Specifications  of  Patents,  2618  and  48 10  of  ia^2,  and  4302  of  1884. 

•  ha  Lumiire  ^lectrique^  December  3,  ISSl,  and  January  5,  1884, 

*  Journal  of  Royal  Institution,  September  1821. 
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tion,  and  the  invention,  in  1823,  by  Barlow,^  of  his  rotating  wheel. 
The  earliest  electric  motors  in  which  the  principle  of  attraction  by 
an  electromagnet  was  applied  were  those  of  Henry,*  in  1831,  and 
of  Dal  Negro,*  in  1832,  and  these  were  followed  in  1833  and  1834 
by  the  motors  of  Ritchie*  and  of  Jacobi,*  and  in  1837  by  that  of 
Davenport.*  Many  other  inventors  devised  machines  of  this  kind, 
some  of  the  most  famous  being  Page '  in  the  United  States,  David- 
son in  Scotland,  Wheatstone « in  England,  Froment* in  France,  and 
Pacinotti  *^  in  Italy.  The  discovery  that  the  action  of  a  dynamo 
is  the  simple  converse  of  that  of  the  motor,  and  that  the  same 
machine  can  serve  either  function,  appears  to  have  been  made  by 
Lenz,ii  in  i838.  It  was  known  to  Jacobi "  in  1850,  though  it  only 
came  into  general  recognition  somewhat  later.  It  was  certainly 
known  in  1852,  for  in  the  fourth  edition  of  Davis's  Magnetism^ 
published  at  Boston,  an  apparatus,  described  as  a  ^^  revolving 
electro-magnet  '*  (a  slight  modification  of  Ritchie's  motor)  is  shown, 
on  page  212,  as  a  motor,  and  the  same  apparatus  is  again  shown 
on  page  268  as  a  generator,  accompanied  by  the  remark  that 
**  any  of  the  electromagnetic  instruments  in  which  motion  is 
produced  by  the  mutual  action  between  a  galvanic  current  and 
a  steel  magnet  may  be  made  to  afford  a  magneto-electric  current 
by  producing  the  motion  mechanically."  Walenn  w  explicitly 
stated  the  same  point  in  1860 ;  and  it  was  also  stated  by  Pacinotti 
in  1864.  The  principle  of  transmitting  power  from  one  dynamo 
used  as  a  generator  to  another  used  as  a  motor  is  claimed  for  Fon- 
taine and  Gramme,  as  a  discovery  made  in  1873,  when  such  an 
arrangement  was  shown  at  Vienna.  It  has  been  noisily  claimed, 
but  without  the  shadow  of  reason,  for  Marcel  Deprez,"  who 
did  not,   however,   discover    it    until    1881.     In    1882  Ayrton 

*  Barlow,  On  Magnetic  Attraction  (1823),  279;  and  Encyclopaedia  Metro- 
politana  (1824),  iv.  art.  Electromagnetiam^  36. 

2  Silliman'8  Journal,  xx.  340, 1831.  Also  Henry,  Scientific  Writings  (1886), 
i.  54.  *  Annali  delle  Scienze  Lombardo-Veneto,  March  1834. 

*  Phil,  Trans,,  1833  [2],  318.  »  V Institute  Ixxxii.  Dec.  1834. 

*  See  Annals  cf  Electricity,  ii.  1838;  Encyclopaedia  Britannica  (ed.  vlL) 
art.  Voltaic  Electricity,  687. 

7  Silliman's  Journal,  xxxiii.  178;  and  [2]  x.  844  and  483,  1850. 

8  Speciacation  of  Patent,  9022  of  1841. 

*  See  Cosmos,  x.  495,  1857,  and  La  Lumth-e  Electrique,  ix.  193,  June  1883. 
*o  Nuovo  Cimento,  xix.  378,  1865. 

li  See  Sturgeon'8  Annals  of  Electricity,  ill.  384,  1838;  and  Fogg.  Ann.^ 
xxxl. 483, 1838.     ^^  M^moire  sur  la  TMorie  des  Machines  6lectromagn^tiques. 

"  Specification  of  Patent,  2587  of  1860. 

"  Specification  of  Patent,  2830  of  1882.  See  Journ,  Soc,  Telegr,  En* 
gineersy  xii.  301,  1883. 
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and  Perry  made  the  important  discovery  of  the  automatic  regula- 
tion of  motors,  to  run  with  constant  velocity,  by  methods  akin 
V>,  but  the  converse  of,  those  adapted  for  making  dynamos  self- 
regulating.  Since  that  date,  the  improvements  made  in  continuous 
current  motors,  though  great,  have  been  in  mechanical  perfection 
of  design  and  detail.  The  alternate-current  dynamo  does  not 
oiake  a  convenient  alternate-current  motor,  as  it  is  not  self- 
starting.  When  once  started,  however,  it  runs  in  absolute 
synchronism  with  the  generator.  Bailey,  in  1879,  showed  how  to 
produce  rotation  by  the  currents  induced  in  a  copper  disk  placed  in 
a  systematically  shifting  magnetic  field.  Ferraris,  in  1888,  made 
the  important  suggestion  to  drive  a  motor  by  two  independent  al- 
ternate currents  of  similar  period,  but  differing  in  phase,  thus  pro- 
ducing a  rotating  magnetic  field.  The  same  suggestion  came  in- 
ilependently  from  Nikola  Tesla,  who  first  put  such  motors  into 
practical  form.  Many  forms  of  rotatory-field  motors  have  since 
been  devised ;  various  engineers,  including  Dolivo-Dobrowolsky, 
C.  Vj,  L.  Brown  and  others,  have  brought  the  induction  motor  to  a 
reroarkable  pitch  of  perfection.  In  the  States  a  two-phase  motor 
on  a  different  plan  has  been  perfected  by  Stanley  and  Kelly.  The 
success  of  these  polyphase  motors,  in  which  the  rotating  part  is  an 
entirely  independent  simple  structure  of  iron  and  copper,  receiving 
its  currents  by  induction  and  without  any  commutator  or  circuit 
connections,  has  led  to  the  device  of  sitigle-phase  motors  for  use 
with  simple  alternate  currents.  The  structure  of  these  motors 
resembles  that  of  the  ]>oly phase  motors,  since  the  revolving  part 
receives  its  currents  solely  by  induction. 

The  theory  of  the  dynamo  dates  back  to  the  investigations  of 
Weber  *  and  of  Neumann  *  respecting  the  general  laws  of  magneto- 
electric  induction,  followed  by  Jacobi's*  calculations  and  experi- 
ments resx)ecting  the  performance  of  an  electric  motor,  by  Pog- 
gendorff's  *  and  Koosen's*  investigations  of  the  theory  of  the  Sax- 
ton  magneto  machine,  and  by  the  researches  of  Lenz,^  Joule,^  Le 
Roux,®  and  of  Sinsteden.*    These  researches  were  followed  at  a 

*  Elektrodynamische  Macuibestimmungen  (1846). 
«  Berliner  Berichte,  p.  1,  1845;  and  p.  1,  1847. 

«  Poyg.  Ann.,  li.  370,  1840;  Ixix.  181,  1846;  and  Kronig's  Journal,  ill. 
8T7,  1851.     Also  Ann.  Chim.  Phy8.  [3]  xxxiv.  451,  1862. 

*  Pogg.  Ann.,  xlv.  390,  1838. 

»  Pogg.  Ann.y  Ixxxv.  226;  and  Ixxxvii.  380,  1852. 

•  Pogg.  ^nn.,  zxxi.  483,  18:^4;  xxxiv.  385,  IS-V):  and  xcil.  128,  1854. 

^  Annal8  of  EleciHcity,  iv.  v.  laSJMO;  Phil.  Mag.  [3]  xxili.  263,  347  and 
435,  1843. 

•  A.  Chim.  Phy».  [3]  I.  463,  1857.        »  Pogg.  Ann.  Ixxxiv.  181.  1861. 
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long  interval  by  those  of  Favre,^  followed  by  silence  for  twenty 
years,  broken  only  by  the  pregnant,  but  almost  totally  forgotten, 
little  paper  in  which  Clerk-Maxwell  ^  laid  down  a  theory  for  self- 
exciting  machines.  On  the  revival  of  electric  lighting  the  theory 
of  the  dynamo  was  again  studied,  important  contributions  being 
made  by  Mascart,'  Hagenbach,*  von  Waltenhofen,*  Hopkinson,« 
Herwig,^  Meyer ®  and  Auerbach,'  and  Joubert.  The  latter  founded 
the  modem  theory  of  alternate-current  machines.  Hopkinson  *° 
devised  the  method  of  representing,  by  a  curve,  the  relation  be- 
tween the  current  and  the  working  electromotive-force  of  the 
machine;  such  curves,  under  the  name  of  *'  characteristics,"  sub- 
sequently formed  the  basis  of  the  theoretical  researches  of  Marcel 
Deprez."  In  1880  Frolich  *^  began  a  series  of  investigations,  both 
experimental  and  theoretical,  that  led  to  equations  of  remarkable 
simplicity,  if  not  of  more  than  approximate  value,  and  in  1883 
ClausiuSji*  adopting  Frolich's  fundamental  expression  for  the  law 
of  the  electromagnet,  evolved  with  great  elaboration  a  theory  in 
which  all  the  various  secondary  effects  arising  in  generators  were 
taken  into  account — a  theory  which  he  later  extended  to  the  case 
of  motors.  In  1886  John  and  Edward  Hopkinson  "  published  a 
remarkable  paper,  developing,  from  theoretical  considerations 
respecting  the  induction  of  magnetism  in  a  magnetic  circuit  of 
given  form  and  materials,  a  theory  of  the  dynamo,  the  perfection 
of  which  may  be  judged  by  the  fact  that  its  use,  as  now  extended 
by  various  workers,  enables  the  performance  of  a  machine  to  be 
predicted  with  extraordinary  accuracy  from  the  design  as  laid 
down  in  the  working  drawings.  Other  contributions  to  the  theory 
of  dynamos  have  been  made  by  Lord  Kelvin  ^  (windings  to  secure 

1  Comptes  Rendus,  xxxiv.  342,  1853;  xxxix.  1212, 1854;  xlvi.337,  658,1858. 
«  Proc,  Royal  Soc,  Mar.  14, 1867;  andP/tiZ.  Marj,  [4]  xxxiii.  [474],  1867. 
»  Journal  de  Physique,  vi.  204,  297,  1877;  and  vii.  89,  1878. 

•  Archives  dea  Sciences  Physiques^  Iv.  255,  March  1876;  and  Pogg.  Ann., 
clviiL  599,  1876.  *  Wiener  Berichte,  Ixxx.  601,  1879. 

•  Proc.  Inst,  Mech,  Engineers,  238,  1879,  and  266,  1880. 

'  Wied,  Ann.,  viii.  494,  1880.  8   j^ed.  Ann.,  viil.  494,  1879. 

•  Ann.  de  VEcole  Normale,x,  131, 1881;  and  Journal  de  Physique  [2]  il. 
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CHAPTER  III. 

PHYSICAL  THEORY  OF  DYNAMO-ELECTRIC   MACHINES. 

All  dynamos  are  based  upon  the  discovery  made  by  Famday 
in  1831,  that  electric  currents  are  genemted  in  conductoi*s  by 
moving  them  in  a  magnetic  field.  Faraday's  principle  may 
be  enunciated  as  follows  : — When  a  conductor  is  moved  in  a 
magnetic  field  so  as  to  cut  the  lines  of  force,  there  is  an 
electromotive-force  induced  in  the  conductor,  in  a  direction 
at  right  angles  to  the  direction  of  the  motion,  and  at  right 
angles  also  to  the  direction  of  the  lines  of  force. 

Dr.  Fleming  has  given  a  most  useful  rule  for  remembering 
this  connection  between  motion,  magnetism,  and  induced 
electromotive-force.  Hold  the  thumb  and  the  first  and 
middle  fingers  of  the  right  hand  as  nearly  as  possible  at 
right  angles  to  each  other,  as  in  Fig.  9,  so  as  to  represent 
three  rectangular  axes  in  space.  If  the  thumb  point  in  the 
direction  of  the  motion,  and  the  forefinger  point  along  the 
direction  of  the  magnetic  lines,  then  the  middle  finger  will 
point  in  the  direction  of  the  induced  electromotive-force.* 

This  induced  electromotive-force  is,  as  Faraday  showed, 
VK  ^  proportional  to  the  number  *  of  magnetic  lines  cut  per  second ; 
and  is,  therefore,  proportional  to  the  density  of  the  magnetic 
field,  and  to  the  length  and  velocity  *  of  the  moving  conductor. 

*  A  more  usual  rule  for  remembering  the  direction  of  the  induced  currents 
is  the  following  adaptation  from  Ampere* s  well  known  rule  : — Supposing  a 
figure  swimming  in  any  conductor  to  turn  so  as  to  look  along  the  (positive 
direction  of  the)  lines  of  force.  Then  if  he  and  the  conductor  be  moved  to- 
wards his  right  hand,  he  will  be  swimming  with  the  current  induced  by  this 
motion. 

'  For  the  numerical  signification  to  be  attached  to  the  term  *^  number  of 
magnetic  lines,"  see  p.  113. 

'  If  the  direction  of  the  motion  is  not  at  right  angles  to  the  direction  of 
tlie  field,  the  resolved  part  of  the  velocity  in  the  direction  at  right  angles  to 
the  field  must  be  considered  as  the  effective  velocity. 
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For  steady  currents,  the  flow  of  electricity  in  the  conductor  is, 
by  Ohm's  well-known  law,  dii-ectly  proportional  to  this  electro- 
motive force,  and  inversely  proportional  to  the  resistance 
of  the  conductor.  For  sudden  currents,  or  currents  whose 
strength  is  varying  rapidly,  this  is  no  longer  true.  And  it  is 
one  of  the  most  important  matters,  though  one  too  often 
overlooked  in  the  construction  of  dynamo-electric  machinery, 
that  the  ^^  resistance  '*  of  a  coil  of  wire,  or  of  a  circuit,  is  by  no 
means  the  only  obstacle  offered  to  the  generation  of  a  momen- 
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Fia.  9.— Illustration  of  Fleming's  Rulb. 

tary  current  in  that  coil  or  circuit ;  but  that,  on  the  contrary, 
the  "self-induction"  exercised  by  one  part  of  a  coil  or  circuit 
upon  another  part  or  parts  of  the  same,  is  a  consideration,  in 
many  cases  quite  as  important  as,  and  in  some  cases  more 
impoi'tant  than,  the  resistance. 

To  understand  clearly  Faraday's  principle — that  is  to  say, 
how  it  is  that  the  act  of  moving  a  wire  so  as  to  cut  magnetic 
lines  of  force  can  induce  or  generate  a  current  of  electricity  in 
that  wire — let  us  inquire  what  a  current  of  electricity  is.    / 
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A  wire  through  which  a  current  of  electricity  is  flowing 
looks  in  no  way  different  from  any  other  wire.  No  man  has 
ever  yet  seen  the  electricity  running  along  in  a  wire,  or  knows 
precisely  what  is  happening  tjiere.  Indeed,  it  is  still  a  dis- 
puted point  which  way  the  electricity  flows,  or  whether  or  not 
there  are  two  currents  flowing  siniultanerusly  in  opposite 
directions.  One  tiling  is  certain;  that  tlie  energy  does  not 
flow  along  the  substance  of  the  wire  at  all,  but  is  transmitted 
Mross  the  surroundiiig  medium,  transvereely.    Until  we  know 


Fia.  10— Magnetic  Reld  of  Bab-Haoset. 

with  absolute  certainty  what  electricity  is,  we  cannot  expect 
to  know  precisely  what  a  cunent  of  electricity  ia.  But  no 
electrician  is  in  any  doubt  as  to  one  most  vital  matter, 
namely,  that  wlien  that  which  is  called  an  electric  current 
flows  through  a  wire,  the  magnetic  forces  with  which  that 
wire  is  thereby,  for  tlie  time,  endowed,  reside  not  in  the  wire  at 
all,  but  in  the  space  surrounding  it.  Everyone  knows  thatin 
the  space  or  "  field  "  surrounding  a  magnet  there  are  magnetio 
forces  whose  direction  and  intensity  are  conveniently  por- 
trayed by  magnetic  **  lines  of  force."    These  lines  start  in 
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tnfts  from  the  N-pointing  pole  and  carve  round  to  the  S-point- 
ing  pole  of  tlie  magnet.  They  are  invisible  until,  by  dusting 
iron  filings  into  thefield,  their  presence  is  made  known,  though 
they  are  always  in  reality  there  (Fig,  10),  andean  be  detected 
in  several  independent  ways.  A  view  of  the  mi^netic  field  at 
the  pole  of  a  bar  magnet,  as  seen  end  on,  would,  of  course, 
exhibit  merely  radial  lines,  as  seen  in  Fig.  11. 

Now,  every  electric  current  (so  called)  is  surrounded  by  a 
magnetic  field,  the  lines  of  which  can  be  btmilarly  revealed. 


Pio.  11.— Maosetic  Fibij>  bound  onb  Poi-e,  KNDK>y. 

To  observe  them,  a  hole  is  bored  through  a  card  or  a  piece  of 
glass,  and  the  wire  which  carries  the  cnrrent  must  be  passed 
up  through  the  hole.  Wlien  iron  tilings  are  dusted  into  the 
field  they  assume  the  form  of  concentric  circles  (Fig.  12), 
showing  that  the  lines  of  force  run  compjetely  round  tlie  wire 
and  do  not  stand  out  in  tufts.  In  fact,  every  conducting  wire 
is  surrounded  by  a  sort  of  magnetic  whirl,  like  that  shown  in 
Fig.  13.  A  great  part  of  the  enei^y  of  the  so-called  electric 
current  in  the  wire  consists  in  the-ie  external  magnetic  whirls. 
To  set  them  up  requires  an  expenditure  of  energy ;  the  current 


26  DynamO'EUctrie  Machinery. 

on  being  started  does  not  instantly  assume  its  full  strengtlu 
part  of  its  energy  is  being  employed  during  the  variable  period 
in  building  up  this  surrounding  field.  On  stopping  the  corrent 
by  breaking  the  ciicuit  this  surrounding  energy  returns  back 
into  tlie  circuit,  the  field,  as  itcollapses  upon  the  wire,  tending 
to  maintain  the  cuiTent,  and  causes  the  spark  seen  at  the  break 
of  the  citouit.    It  is  these  mngnetio  wbiiLs  which  act  on 


magnets,  and  cause  them  to  set,  as  galvanometer  needles  do, 
&t  right  angles  to  the  conducting  wiie. 

Now,  Faraday's  principle  of  induction  is  nothing  more  or 
less  than  this  : — That  by  moving  a  Avire  near  a  magnet,  across 
a  space  in  which  there  are  magnetic  lines,  the  motion  of  the 
wire,  as  it  cuts  across  those  magnetic  lines,  sets  up  magnetic 
-whirls  round  the  moving  wire,  or,  in  other  language,  generates 
A  so^alled  current  of  electricity  in  that  wire.  Poking  a 
magnet  pole  into  a  loop  or  circuit  of  wire  also  necessarily 
generates  a  momentary  current  in  the  wire  loop,  because  it 
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luoiueutarily  sets  up  magnetic  whirls.  In  Faraday's  language, 
this  action  increases  the  number  of  m&giietic  lines  embraced 
by  the  circuit. 

It  is,  however,  necessary  that  the  moving 
conductor  should.in  it^  motion,  socut  the  mag- 
netic tield  as  to  alter  the  number  of  magnetic 
lines  that  pass  through  the  circuit  of  which 
the  moving  conductor  forms  pait.  Without 
a  variation  in  the  magnetic  flux  that  pene- 
trates the  circuit  there  will  be  no  induction. 
An  induction  will  always  occur inanycircuit 
when  any  change  in  the  flux  takes  place, 
however  that  change  may  be  produced.  If 
s  conducting  circuit — a  wire  ring  or  uingle 
coil,  tor  example — be  moved  along  in  a  uni- 
form magnetic  Held,  aa  indicated  in  Fig.  14, 
so  tliat  only  the  same  lines  of  force  pass 
thi-ough  it,  no  current  will  be  genemtt-d.  Or 
if,  again,  as  in  Fig.  15,  the  coil  be  moved  by 
a  motion  of  translation  to  anotlier  jutit  of  the  a 

unifoim  field,  as  many  lines  of  force  will  be  I 

left  behind  as  are  gained  in  advancing  fi-om  ■ 

its  fii-st  to  its  second  position,  and  there  will  Pm.  la 

be  no  currentgenerated  in  the  coil:  the  flux  Magnetic  Whibk 
of  magnetic  lines  has  not  varied.     If  the  coil   wiii'l""'^'^"'*'^ 
be  merely   rotated  on  itself  round  a  central        Cukmbst. 


Fi«.  14.— CiBCTnx  MOVED 
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axis,  like  the  rim  of  a  fly-wheel,  it  will  not  cut  any  more  lines 
of  force  than  before,  and  this  motion  will  generate  no  current. 
But  if,  as  in  Fig.  16,  the  coil  be  tilted  in  its  motion  across  the 
uniform  field,  or  rotated  round  any  axis  in  its  own  plane,  then 


j^l^t 


:::^;: 


Fig.  15. — Circuit  moved  without  cutting  any  more 

Lines  of  Force. 

the  number  of  magnetic  lines  that  traverse  it  will  be  altered 
and  currents  will  be  generated.  These  currents  will  flow 
round  the  ring  coil  in  the  right-handed  direction  (as  viewed 
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Fig.  16. —  Circuit  moved  so  as  to  alter  Number  of 
Lines  of  Force  through  it. 

by  a  person  looking  along  the  magnetic  field  in  the  direction 
in  which  the  magnetic  lines  run),  if  the  effect  of  the  movement 
is  to  diminish  the  number  of  lines  of  force  that  cross  the  coil ; 
they  will  flow  round  in  the  opposite  sense  if  the  effect  of  the 
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movement  is  to  increase  the  number,  of  intercepted  lines  of 
force. 

If  the  magnetic  field  be  not  a  uiiifoim  one,  then  the  effect 
of  taking  the  coil  by  a  simple  motion  of  titinslation  from  a 
place  where  the  lines  of  force  are  dense  to  a  place  where  they 
are  less  dense,  as  from  position  1  to  position  2  in  Fig.  17,  will 
be  to  generate  currents.  Or,  if  the  motion  be  to  a  place 
\vhere  the  lines  of  force  run  in  the  reverse  direction,^  the  effect 
will  be  the  same,  but  even  more  powerful. 

In  the  process  called  homopolar  or  ^^ unipolar**  induction 
(^Chap.  XIX.),  conductors  with  sliding  contacts  move  con- 
tinuously through  a  uniform  field ;  there  being  no  reversals. 


Fig.  17.— Motion  of  Circuit  vs  Non-Uniform  Magnetic  Field, 

We  may  now  summarize  the  points  under  consideration 
and  some  of  their  immediate  consequences,  in  the  following 
manner : — 

(1)  To  induce  currents  in  a  conductor  there  must  be 
relative  motion  between  conductor  and  magnet,  of  such  a 
kind  as  to  alter  the  number  of  magnetic  lines  embraced  in  or 
enclosed  by  the  circuit. 

(2)  Increase  in  the  number  of  magnetic  lines  embraced  by 
the  circuit  generates  an  electromotive-force  in  the  opposite 
sense  to  that  induced  by  a  decrease. 

'  As  a  matter  of  fact,  it  would  be  impossible  to  have  a  magnetic  field  exactly 
like  Fig.  17  ;  for  In  the  intermediate  part,  between  the  upper  and  lower  fields, 
the  magnetic  lines  would  be  of  curved  complex  form. 
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(3)  The  more  powerful  the  magnet  pole  or  magnetic  field, 
the  higher  will  be  the  electromotive-force  genei-ated. 

(4)  The  more  rapid  the  motion,  the  higher  will  be  the 
electromotive-force. 

(5)  By  joining  in  series  a  number  of  such  moving  cou- 
ductol^3,  the  electromotive-forces  in  the  sepamte  parts  are 
added  together ;  hence  veiy  high  electromotive-forces  can  bo 
obtained  by  using  numerous  coils  properly  connected. 

(6)  Since  the  quantity  or  strength  of  the  current  depends 
on  the  resistance  of  the  conductors  in  the  circuit,  as  well  as  on 
the  electromotive-force,  all  unnecessary  resistance  should  be 
avoided. 

(7)  The  number  of  magnetic  lines  being  finite,  the  process 
of  a  generating  machine  in  alternately  increiising  and  diminish- 
ing the  flux  enclosed  by  the  moving  conductor  must  necessarily 
generate  currents  alternate  in  direction. 

(8)  By  using  a  suitable  commutator,  all  the  currents, 
direct  or  inveiise,  induced  during  recession  or  approach,  can 
be  turned  into  tlie  same  direction  in  the  wire  that  goes  to 
supply  currents  to  the  external  circuits  ;  and  if  the  rotating 
coils  are  properly  grouped  so  that  before  the  electromotive 
force  in  one  set  has  died  down  another  set  is  coming  into 
action,  then  it  will  be  possible,  by  using  an  appropriate  com- 
mutator, to  combine  their  separate  currents  into  one  practically 
uniform  continuous  current. 

(9)  As  induction  depends  upon  the  relative  motion  of 
conductor  and  magnetic  lines,  it  is  a  mere  question  of 
mdv  lau.  d  convenience  whether  tlie  magnet  be  stationary 
while  the  copper  conductor  moves,  or  whether  the  conductor 
is  fixed  while  the  magnet  moves. 

(10)  To  the  conductor  which  is  generating  the  electro- 
motive-force by  cutting  the  magnetic  lines,  it  makes  no 
difference  what  the  origin  of  those  lines  is,  whether  from 
a  permanent  magnet  of  steel  ir  from  an  electromagnet, 
provided  the  number  of  magnetic  Anes  so  cut  is  the 
same. 

(11)  To  the  moving  conductor  it  makes  no  difterence 
what  the  oricrin  of  the  motion  is.     Whetlier  the  motion  be  due 
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to  a  steam-engine,  or  to  a  gas-engine,  or  to  liand-driving,  or 
to  driving  by  means  of  an  electric  current  in  the  wire  itself 
(as  in  the  case  of  electric  motors),  it  makes  no  difference  to 
the  moving  conductor,  which,  provided  the  speed  and  the 
number  of  magnetic  lines  to  be  cut  are  given,  will  generate 
the  same  electromotive-force. 

To  make  more  clear  the  considerations  which  will  occupy 
us  when  discussing  individual  types  of  dynamo,  we  will  fii-st 
examine  some  fundamenhil  points  in  the  genenal  mechanism 
and  design  of  dynamo  machines.  We  will  deal  with  the 
various  matters  in  order,  beginning  with  the  various  organs  or 
parts  of  the  machine.  Having  discussed  these,  we  take  up 
the  nature  of  the  processes  that  go  on  in  the  machine  when  it 
is  at  work,  the  action  of  the  magnetic  field  on  the  rotating 
armature,  the  reactions  of  trhe  armature  upon  the  field  in 
which  it  rotates.  We  must  then  enter  upon  the  magnetic 
part  of  the  subject,  and  discuss  the  magnetic  properties  of 
iron  so  far  as  is  needed  for  the  purpose  of  dynamo  design. 
We  shall  then  consider  tlie  design  of  field-magnets,  and  the 
design  and  construction  of  anuatures. 
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The  simplest  conceivable  d3'namo  is  that  sketched  in 
Fig.  18,  consisting  of  a  single  rectangular  loop  of  wire  rotating 
in  a  simple  and  uniform  magnetic  field  between  the  poles  of  a 
large  magnet.  If  the  loop  be  placed  at  first  in  the  vertical 
plane,  the  number  of  lines  that  pass  through  it  from  right  to 
left  will  be  a  maximum,  and  as  it  is  turned  into  the  horizontal 
position  the  number  diminishes  to  zero ;  but  on  continuing 
the  rotation  the  lines  begin  again  to  penetrate  the  loop  from 
the  opposite  side,  so  that  there  is  a  negative  maximum  when 
the  loop  has  been  turned  through  180°.  During  the  half- 
revolution,  therefore,  currents  will  have  been  induced  in  the 
loop,  and  these  currents  will  be  in  the  direction  from  back  to 
front  in  the  part  of  the  loop  which  is  rising  on  the  left,  and  in 
the  opposite  direction,  namely,  from  front  to  back,  in  that 
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part  which  is  descending  on  tlie  right.  On  parsing  the  180* 
position,  there  will  begin  an  induction  in  the  first  sense,  for  now 
the  number  of  negative  lines  of  force  is  diminishing,  which  is 
equivalent  to  a  positive  increase  in  the  number  of  lines  of 
force  :  and  this  increase  would  go  on  until  the  loop  reached 
its  original  position,  having  made  one  complete  turn.  If, 
then,  to  each  end  of  the  loop  there  were  separately  attached 
a  metal  collar  on  the  shaft,  and  on  each  collar  there  pressed 
a  spring,  wires  connected  to  these  springs  would  convey  an 
alternating  current  to  the  circuit.  If,  however,  it  is  desired  to 
adapt  the  apparatus  to  furnish  a  continuous  current,  a  special 
adjunct  must  be  added. 

To  commute  these  alternately-directed  currents  into  one 
dii'ection  in  the  external  circuit,  there   must  be    applied  a 

commutator     consisting 

.  ■         — s.     •'^ST^     T^:- o^  **  metal  tube  slit  into 

^  ^S    ^^**Sj  ^ two  parts,  and  mounted 

\  ^^  ^  '^n/  ^^^^^''/f**,       \  on  a  cylinder  of  hard 

^^^*           f      J^A                   5    r^P^^S^'^     H  ^^^^^  ^^'  ^^^^®^'   suitable 

*A/  .                         J                          \  ^\/j^^  /  insulating       materuil  ; 

^.                      rlr                                         jp^ each   half     being    con- 

^'v::^  nected   to   one  ei;d   of 

Fia.  18.— Ideal  Simple  Dynamo.  the    loop,  as   indicated 

*  in  Fig.  18.  Against  this 

commutator  press  a  couple  of  metallic  springs  or  '*  brushes  " 
(Fig.  19),  which  lead  away  the  currents  to  the  main  circuit. 
It  is  obvious  that  if  the  brushes  are  so  set  that  the  one  pai-t 
of  the  split  tube  slides  out  of  contact,  and  the  other  part 
slides  into  contact  with  the  brush,  at  the  moment  when  the 
loop  passes  through  the  positions  when  the  induction  reverses 
itself,  the  alternate  currents  induced  in  the  loop  will  lye 
"  commuted  "  into  one  direction  through  the  circuit.  We 
should  expect,  therefoie,  the  brushes  to  be  set  so  that  the 
commutation  shall  take  place  exactly  as  the  loop  passes 
through  the  vertical  position.  In  practice,  however,  it  is 
found  that  a  slight  forward  lead  must  be  given  to  the 
brushes,  for  reasons  which  will  presently  appear.  In  Fig.  20 
are  shown  the  brushes  B  B\  displaced  so  as  to  touch  the 
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commutator  Dot  exactly  at  the  higheut  and  lowest  pointti, 
but  at  points. displaced  in  the  direction  of  the  line  D  D, 
which  is  called  the  "diameter  of  commutation."  The 
argument  b  in  no  wise  changed  if  for  the  single  ideal  loop 
we  substitute,  as  proposed  by  Sturgeon  in  1835,  the  simple 
rectangular  coil  represented  in  Fig.  21,  consisting  of  many 


^ 


turns  of  wire,  iti  each  of  which  d^multaneous  inductive  action 
is  going  on,  making  the  total  induced  electromotive-force 
proportionately  greater.  This  foiin,  with  the  addition  of  an 
iron  core,  is  indeed,  the  form  given  to  armatures  in  1856  by 
Siemens,  whose  shuttle-wound  armature  is  represented  in 
section  in  Pig.  22.     A  small  magneto-electric  machine  of  the 


StMFLE  Rectakoulab  Coil. 

old  pattern,  having  the  shuttle-wound  armature,  is  shown  in 
Fig.  23.  Though  this  form  has  now  for  many  yeai-s  been 
abandoned,  save  for  small  motors  and  similar  work,  it  gave  a 
great  impetus  to  the  machines  of  its  day ;  but  for  all  large 
■work  it  has  been  entirely  superseded  by  the  ring  armatures 
and  drum  armatures  presently  to  be  described. 
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We  have  Been  that  the  dynamo  in  its  simplest  form  con- 
sists of  two  main  poilions :  (1)  an  armature,  which  in  revolving 
induces  electromotive  forces  in  the  copper  conductor  wound 
apon  it ;  (2)  a  fieldinagnet,  that  is  to  say  a  magnet  whose 
function  is  to  provide  a  field  of  magnetic  lines,  to  be  cut  by 
the  armature  conductors  as  they  revolve.  In  all  dynamos, 
whether  for  continuous  currents  or  for  alternate  currents, 
these  two  parts  can  be  recognized.  In  almost  all  continuous- 
cuneut  machines  the  field-magnet  stands  etill,  and  consists  of 


Fio.  33.— Old  Siemens  Machine,  with  SaurrLB-wooND  Armaturs 
AND  Pebhanent  Magneto. 

a  comparatively  simple  and  massive  electromagnet ;  whilst 
the  armature,  which  ia  a  more  complex  structure,  is  the 
portion  wliieh  rotates.  In  alternate-cuiTent  machines  the 
field-magnet  is  usually  multipolar,  and  in  t)ie  majority  of 
cases  is  stationary,  whilst  the  armature  rotates  ;  nevertheless 
there  are  many  alternators  of  recent  pattern  in  which  the 
armature  stands  still  and  the  field-niagnet  rotates.  The 
criterion  as  to  which  portion  is  properly  ,called  "field 
magnet,"  and  which  "  armature,"  is  not  the  question  of  lot^ 
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tion  or  otherwise.  The  name  of  field-magnet  is  properly 
given  to  that  part  which,  whether  stationary  or  revolving, 
maintains  its  magnetism  steady  during  the  revolution ;  and 
the  name  armature  is  properly  given  to  that  part  whicli, 
whether  revolving  or  fixed,  has  its  magnetism  changed  in  a 
regularly  repeated  fashion  when  the  machine  is  in  motion.  In 
a  generator  the  armature  is  that  part  which  is  connected  in 
circuit  with  the  distributing  mains  and  gives  current  to  them. 
In  a  motor  the  armature  is  that  part  which  receives  the 
cun-ents  from  the  mains.  In  the  case  of  continuous-current 
machines  there  is  another  feature  of  fii'st  importance,  namely, 
the  apparatus  for  collecting  the  cun'ents  from  the  revolving 
armature.  This  apparatus  consists  of  two  essential  parts : 
the  commutator  (or  collector)  attached  to  the  armature  and 
revolving  with  it,  and  the  brushes.  The  latter,  which  are 
conducting  contact  pieces  held  pressed  against  the  surface  of 
the  rotating  commutator,  are  provided  with  special  brush' 
holders  mounted  upon  an  adjustable  frame  or  rocker. 

In  the  case  of  alternate-current  machines  there  is  no  need 
of  a  commutator ;  but,  in  general,  these  machines  have  to  be 
provided  with  some  device  for  making  a  sliding  connection. 
For  in  those  forms  in  which  tlie  armature  rotates,  its  coils 
must  be  brought  into  continuous  metallic  relation  with  the 
conductors  of  the  main  circuit ;  and  in  those  forms  in  which 
the  armature  is  stationary  and  no  such  arrangement  is  needed 
at  tliat  part,  there  must  still  be  sliding  contacts  to  maintain 
the  coils  of  tli^  revolving  field-magnet  part  in  continuous 
metallic  connection  witli  the  auxiliary  exciting  circuit.  In 
either  case  the  appropriate  device  consists  of  a  pair  of  slip- 
rinys^  against  each  of  which  a  brush  presses. 

In  addition  to  the  electrical  and  magnetic  features  enume- 
rated above,  therq  are  certain  purely  meclianical  features 
which  need  to  be  considered.  The  revolving  part  must  be 
mounted  on  an  appropriate  spindle  or  shafts  the  design  of 
which  is  a  matter  of  mechanical  engineering.  To  transmit 
the  power  from  the  spindle  to  the  revolving  conductors  of  the 
armature  there  are  required  driving  attachments  properly 
secui'ed  to  the  spindle.     The  spindle  itself  must  be  supported 
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in  suitable  bearings^  and  be  provided  with  lubricators  to  secure 
cool  running.  To  receive  the  power  from  the  engine  a  pulley 
must  be  provided,  unless  the  dynamo  is  to  be  driven  du*ect 
by  a  coupling  from  an  engine  mounted  on  the  same  bed-plate. 
Lastly,  the  whole  dynamo  must  be  erected  upon  an  appro- 
priate bed-plate^  which  in  some  cases  is  placed  upon  raiU^ 
so  that  it  may  be  shifted  from  time  to  time  by  the  aid  of 
tightening  screws,  as  the  belt  grows  slack. 

In  the  considerations  which  follow,  attention^  will  be  con- 
centmted  upon  dynamos  for  generating  continuous  currents, 
the  various  organs  of  which  will  be  dulj'  considered.  The 
design  of  alternate-current  machines  will  be  discussed  in  a 
later  chapter. 

Armatures. 

Returning  to  the  ideal  simple  loop,  we  may  exhibit  it  in 
its  relation  to  the  2-part  commutator  somewliat  more  clearly 
by  referring  to  Fig.  24.  The  same  split-tube  or  2-part 
commutator  will  suffice  if  a  loop  of  two  or  more  turns  be 
substituted,  as  shown  in  Fig.  26,  for  the  single  turn. 


Fig.  24.— Simple  Loop  Fio.  25.— Loop  Arma-  Fig.  26.— Simple  Ring 
Armature.  ture      of      two  Armature     with 

Turns.  one  Coil. 

But  we  may  substitute  also  for  the  one  loop  a  small  coil 
consisting  of  several  turns  wound  upon  an  iron  ring.  This 
coil  (Fig.  26),  which  may  be  considered  as  one  section  of  a 
Pacinotti  or  Gramme  ring,  will  be  penetrated  by  magnetic 
lines  as  the  loop  was.  In  the  position  drawn,  it  occupies  the 
highest  point  of  its  path,   and  the  flux  of  magnetic  lines 
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through  it  will  be  a  maximum.  As  it  turns,  the  number  of 
lines  that  penetrate  it  will  diminish,  and  become  zero  when  it 
is  at  90^  from  its  original  position.  But  a  little  consideration 
of  its  action  will  suffice  to  show  that  if  another  coil  be  placed 
at  the  opposite  side  of  the  ring  it  will  be  performingan  exactly 
similar  inductive  action  at  the  same  moment,  and  may  there- 
fore be  connected  to  the  same  commutator.  If  these  two  coils 
are  united  in  parallel,  as  shown  in  Fig.  27,  the  joint  electro- 
motive force  will  be  the  same  as  that  due  to  either  separately ; 
but  the  resistance  offered  to  the  cuiTent  by  the  two  jointly  is 
half  that  of  either.  It  is  evident  that  we  may  connect  two 
parallel  loops  in  a  similar  fashion  to  one  simple  2-part  col- 
lector.   If  the  two  loops  are  of  one  turn  each,  we  shall  have 
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Fio.  27.— Simple  Ring  Arma- 
TUBE  wrrH  Two  Con^  in 
Parallel. 


Fig.  28.— Simple  Loop  Arma- 
ture WITH  Two  COILB  IN 

Parallel. 


the  an-angement  sketched  in  Fig.  28 ;  but  the  method  of 
connecting  is  equally  good  for  loops  consisting  of  many  turns 
each. 

Now,  with  all  these  arrangements  involving  the  use  of  a 
2-part  commutator,  whether  there  be  one  circuit  only  or  two 
circuits  in  pai-allel  in  the  coils  attached  thereto,  there  is  the 
disadvantage  that  the  currents,  though  commutated  into  one 
direction,  are  not  absolutely  continuous.  In  any  single  coil 
without  a  commutator  there  would  be  generated,  in  suc- 
cessive revolutions,  currents  whose  variations  may  be  graphi- 
cally expressed  by  a  recurring  sinusoidal  curve,  such  as  Fig.  29. 
But  if  by  the  addition  of  a  simple  split-tube  commutator  the 
alternate  halves  of  these  currents  are  reversed,  so  as  to  rectify 
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their  direction  through  the  rest  of  the  circuit,  the  resultant 
currents,  though  not  continuous,  will  lie  of  one  sign  only,  as 
shown  in  Fig.  30,  there  being  two  currents  generated  during 
each  revolution  of  the  coil.     The  currents  are  now  "  rectified," 


or  "  redressed,"  as  our  continental  neighbors  siiy,  but  are  not 
strictly  continuous.  To  give  continuity  to  the  currents,  we 
must  advance  from  the  simple  2-part  commutator  to  a  fonn 
having  a  larger  number  of  parts,  and  employ  therewith  a 


Fio.  30.— Curve  of  Rbctified  oe  Comkuted  Altebnattoo  Cubbekt. 

larger  number  of  coils.     The  coils  must  also  be  so  arranged 
thiit  one  set  com^s  into  action  while  the  other  is  going  out  of 
■  action.     Accordingly,  if  we  fix  upon  our  iron  ring  two  sets  of 
coils  at  right  angles  to  each  other's  planes,  as  in  Fig.  31,  so 
that  one  comes  into  the  position  oE  l)est 
action  while  the  other  ia  in  the  position 
of  least  action  (one  being  parallel  to  the 
magnetic  lines  when  tlie  other  is  normal 
,  to   them),  and   their  actions  be  super- 
[  posed,  the  result  will  be,  as  shown  in 
Fig.  32,  to  give  a  curtent  which  is  con- 
tinuous, butnot  steady,liaving  fourslight 
Fio.  31.-FOUR-PART      ""Juls^tionsperrevolution.  Ifanylarger 
RiNQ     Armature      number  of  sepamte  coils  are  used,  and 
(Closed  Coil).  their  effecls,  occurring  at  regular  inter- 

vals, be  superposed,  a  similar  curve  will 
be  obtained,  but  with  summits  proportionately  more  numerous 
and  less  elevated.  When  the  number  of  coils  used  is  very 
great,  and  tlie  overlappings  of  the  curves  are  still  more  com- 
plete, the  rew  of  summits  will  form  practically  a  straight  line, 
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or  the  whole  current  will  be  practically  constant.  Aa 
arranged  in  Fig.  31,  the  four  coils  are  all  united  together 
in  a  clo»ed  circuit,  the  end  of  the  fii-st  being  united  to  the 
beginning  of  the  second,  and  so  forth  all  round,  the  last 
section  closing  in  to  the  firat.  In  order  to  obtain  greater 
uniformity  of  effect,  the  coils  on  the  armature  ought  to  be 


Fio.   33.— Curve  of  CoNnscous  but  Non-unitorm  Cuebekt. 

divided  into  a  veiy  lai^e  number  of  sections  (see  Chap.  IX.), 
which   come   in   regular  succession   into    the    position    of 
maximum  effect  at  regular  intervals   one  after   the   other. 
In  Fig.  S3  a   sketch  is  given  of  a  drum   anuatui-e  wound 
with  two  pairs  of  coils  at  light  angles  one  to  the  other,  and 
coiniected  to   a   4-pai-t  commutator.     A   little   examination 
of  Figs.  31  and  83  will  Hiow 
that  each  section  of  the  coils  is 
connected  to  the  next  in  order 
to  it;  tlie  whole  of  the  windings 
constituting,  therefore,  a  single 
closed  coil.     Also,  the  end  of 
one  section  and  the  beginning  • 
.1  Jie  next  are  both  connected 
with  a  segment  of  tiie  commu- 
tator.    In  practice,  the  commu- 

fcitor  segments  ai«    not  mere      ^     „„    „  „ 

"         ,       ,  .  Pii.  88.— FouH-PART  Drum 

slices  of  metal  tubing,  but  are       armature  (Closed  Coil.) 
built  up  of  a  number  of  parallel 

birs  of  copper,  gun-metal,  or  phosphor-bronze,  such  as  may 
be  seen  in  Fig.  86,  p.  42,  placed  round  the  periphery  of  a 
cylinder  of  some  insulating  substance.  It  will  also  be  noticed 
tlint,  owing  to  the  fact  that  there  is  a  continuous  circuit  all 
round,  there  are  two  ways  in  which  the  cunent  may  flow 
through  the  aimature  from  one  brush  to  the  other,  as  in  all 
the  ring  and  drum  armatures;  of  wliich,   indeed.  Figs.  31 
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and  33  may  be  taken  as  simplified  instances.  The  same 
reasoning  now  applied  to  4-part  armatures  holds  good  for 
those  haying  a  still  larger  number  of  parts,  such  as  is 
shown  in  Fig.  34.  Of  these  more  will  be  said  in  the  sub- 
sequent chapters.  Let  it  suffice  to  say  here  that  in  closed- 
coil  armatures,  whether  of  the  "  ring  "  or  the  "  drum  "  type, 
there  are  usually  as  many  segments  to  the  commutator  as 
there  are  sectio7is  or  groups  of  coils  in  the  circuit  of  the  arma- 
ture. The  special  case  of  opertrcoil  armatures  is  considered 
in  Chapter  XVIII.  In  machines  of  this  type  the  separate 
coils  are  not  connected  up  together  in  series,  and  a  special 
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FiQ.  34. — Simple  Ring  Armature,  showing  Connections  op 

Closed  Coil. 

form  of  commutator  is  used  instead  of  the  usual  armngement 
of  a  large  number  of  parallel  bai-s. 

So  far,  the  only  types  of  armature  considered  have  been 
the  "  drum  "  type  and  the  "  ring  "  type  ;  but  these  are  not  the 
only  possible  cases.  The  object  of  all  such  combinations 
of  coils  is  to  obtain  the  practical  continuity  and  equability 
of  current  explained  above.  To  attain  this  end  it  is  needful 
that  some  of  the  individual  coils  should  be  moving  through 
the  position  of  maximum  action,  whilst  othei-s  are  passing 
through  the  neutral  point,  and  are  temporarily  idle.  A 
symmetrical  arrangement  of  the  individual  coils  or  groups 
of  coils  around  an  axis  may  take  one  of  the  four  following 
types : — 

(1)  .Rtw/7  armatures^  in  which  the  coils  are  grouped  upon 
a  rinf  wl^ose  principal  axis  of  symmetry  is  its  axis  of  rotation 
als^ 
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(2)  Drum  armatures^  in  whicli  the  coils  are  wound  longi- 
tudinally over  tbe  surface  of  a  drum  or  cylinder. 

(3)  Pole  armatures^  having  coils  wound  on  separate  poles 
projecting  radially  all  round  the  periphery  of  a  disk  or  central 
hub, 

(4)  Disk  armatures^  m  which  the  coils  are  flattened  into  a 
disk. 

The  ingenuity  of  inventors  luis  been  exercised  chiefly  in 
tliree  directions : — The  securing  of  practical  continuity,  the 
avoidance  of  eddy  currents  in  the  cores,  and  the  reduction 
of  useless  resistance.  Most  inventoi-s  have  been  content  to 
secure  approximate  continuity  by  making  the  number  of 
sections  numerous.  Pacinotti's  early  dynamo  had  the  coils 
wound  between  projecting  teeth  upon  an  iron  ring.  Gramme 
preferred  that  the  coils  should  be  wound  round  the  entire 
surface  of  the  annular  iron  core.  To  prevent  wasteful  eddy 
currents  in  the  core,  lie  constructed  it  of  varnished  iron  wire. 
For  ring  cores  flat  core-disks  of  sheet  iron  are  now  almost 
iinivei'sally  preferred.  For  discoidal  ring  armatures  the  core 
is  built  of  hoops.  In  ring  armatures  the  parts  of  the  copper 
coils  which  pass  through  the  interior  of  the  ring  are  in- 
opemtive  in  cutting  magnetic  lines,  unless  there  are  pole-pieces 
of  the  field-magnet  projecting  internally.  Ilcnce,  in  the 
ordinary  forms  of  dynamo  with  exterior  magnets,  the  inner 
parts  of  the  ring  winding  act  merely  as  conductoi-s  and  not 
iis  inductors,  and  offer  a  certain  amount  of  wasteful  resist- 
ance. But  this  resistance  in  well-designed  machines  is  in- 
significant compared  with  that  of  the  external  ciicuit;  and 
the  disadvantage  is  largely  imaginary.  In  ventoi-s  Iiavc  essayed 
to  reduce  the  amount  of  copper,  by  eitlier  fitting  projecting 
flanges  to  the  pole-pieces,  or  by  using  internal  magnets,  or 
else  by  flattening  the  ring  into  a  disk  form,  so  as  to  reduce 
tlie  interior  parts  of  the  ring  coils  into  an  insignificant  amount. 
Indeed,  the  flat-ring  armatures  may  be  said  to  present  a 
distinct  type  from  those  in  which  the  ring  tends  to  the 
cylindrical  form.  In  some  large  German  dynamos  of  recent 
type  the  ring  is   outside  the   iield-magnets,  so  that  the  outer 

part  of  the   windings  are  non-inductive  or    idle  ;  and    tlie 
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carrents  are  collected  direct  from  the  ring  by  brushes  which 
trail  on  its  periphery.  The  vanous  modes  of  winding  and 
connecting  up  the  conductors  ob  an  armatuie  are  specially 
considered  in  Chapter  XII.  A  finished  ring  armature  with 
its  commutator  and  driving  pulley  is  shown  in  Fig.  36. 


Ro.  8S.— nKO  ABiunntB  of  Orahhb  Dthaho  (Ftruxa's  Pattebd). 

Drwm.  armatures,  as  first  constructed  by  Siemens,  had  iroa 
cores  ma-le  of  wire  wound  upon  an  internal  non-magnetio 
nucleus.  Weston  substituted  stamped  core-disks  of  iron  with 
teeth.     Pdison.  iron  coie-<lisk3  without  teelli.     Siiecial  modes 


no.  86.— Dbdh  Armature  (Allgeubine  Cc's  PattehnX 

of  winding  or  joining  the  copper  conductors  have  been  devised 
by  many  inventors.  A  complete  drum  annalure  is  depicted 
in  Fig.  36,  which  shows  the  overlapping  of  the  windings  at 
die  end  of  the   drum,  the  con)iections   to   the  commutator. 
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And  the  external  binding  wirea  that  keep  the  coUs  from  flying 
out. 

J*ole   armature!,  having   the   coila  wound  upon   radially 
projecting  poles,  were  devised  bj  Allen,  Lontin  and  Weston* 


Flo.  87.— Sno-LK  Polk  Arm&tcrk  bhowino  CoNNscnom. 

The  principle  o£  Lontin'3  machines,  in  which  the  coils  are 
connected  like  the  sections  of  a  Pacinotti  or  Gramme  ring,  ia 
indicated  in  Fig.  37.  Here 
the  diameter  of  comtnuttv- 
tion  13  pai-allel  to  the  polar 
diameter,  because  the  num- 
ber of  magnetic  lines  in 
this  case  is  a  maximum  in 
ti)e  coils  that  are   in   the 

right  and    left    positions. 

This  is  not  a  convenient 

construction  of  armature 

for  continuous-current  ma- ' 

chines ;  for  it    does    not 

admit  of  the  winding  being 

divided  into  a  sufficiently 

numerous  set  of  sections, 

and  the  self-induction   in 

each  section  is  too  gieat. 
IHtk  armatures  are  now 

differentiated     into     two 

kinds :  (1)  those  in  which  the  coils  are  grouped  on  a  number 

of  small  bobbins,  side  by  side,  an  an'aitgenient  suitable  for 
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alternate-current  machines,  such  as  those  of  Siemens,  Ferranti, 
and  Mordey ;  (2)  those  in  which  the  windings  are  made  to 
overhip  over  a  considerable  angle  of  the  periphery,  as  in  the 
disk  dynamos  of  Pacinotti,  of  Desroziers,  and  of  Fritsche,  all 
of  which  are  adapted  to  give  continuous  currents.  It  is  usual 
in  the  disk  form  of  armature,  to  dispense  with  any  iron 
core ;  for  the  armature,  being  thin,  can  be  inserted  in  a 
comparatively  narrow  gap  between  the  polar  surfaces  of  the 
field  magnet.  A  disk  armature  is  shown  in  Fig.  38,  belong- 
ing to  a  Desroziei's  machine. 

Armature  Cores. 

Whenever  iron  is  employed  in  armatures,  it  must  be  slit  or 
laminated,  bo  as  to  prevent  the  generation  of  parasitic  eddy- 
currents.  Such  iron  cores  should  be  structurally  divided  in 
planes  normal  to  tlie  circuits  round  which  electromotive-force 
is  induced;  or  should  be  divided  in  planes  parallel  to  the 
magnetic  flux  and  to  the  direction  of  the  motion.  Thus, 
drum  armature  cores  should  be  built  of  disks  of  thin  sheet 
iron.  Ring  armatures,  if  of  the  cylindrical  or  elongated  type, 
should  have  cores  made  up  of  rings  stamped  out  of  sheet  iron 
and  clamped  together  side  by  side ;  but  if  of  the  flat  ring  type 
they  should  be  built* of  concentric  hoops.  Cores  built  up  of 
varnished  iron  wire,  or  thin  disks  of  sheet  iron  sepamted  by 
varnish,  asbestos  pjiper,  or  mica,  partially  realize  the  required 
condition.  Tlie  magnetic  discontinuity  of  wire  cores  is, 
however,  to  a  certain  extent  disadvantageous ;  it  is  better  that 
the  iron  should  be  without  discontinuity  in  the  direction  in 
which  it  is  to  be  magnetized.  It  should,  therefore,  be 
laminated  into  sheets,  rather  than  subdivided  into  wires. 
Cores  of  solid  iron  are  quite  inadmissible,  as  currents  are 
generated  in  them  and  heat  them.  Cores  of  solid  metal  other 
than  iron — for  example,  of  gun-metal  or  of  pliosphor-bronze — 
should  on  no  account  be  used  in  any  armature. 
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Fundamental  Points  in  Design. 

As  lias  already  been  pointed  out,  the  function  of  the  field 
magnet  is  to  provide  a  large  number  of  magnetic  lines,  whilst 
the  function  of  the  armature  is  to  cut  the  magnetic  lines  so 
provided.  The  iron  core  inside  the  armature  may  be  regarded, 
therefore,  as  belonging  to  the  magnetic  circuit  of  the  field 
magnet ;  the  true  armature  consisting  of  the  rotating  copper 
conductors.  There  is  no  electrical  necessity  for  the  iron  core 
inside  the  annatui-e  to  rotate  ;  indeed,  in  some  ways  it  would 
act  more  efficiently  if  it  did  not.  But  purely  mechanical 
considerations  require  that  in  both  ring  armatures  and  drum 
armatures  the  core  should  rotate  with  the  coils.  In  all 
dynamos  the  electromotive-force  is  proportional  at  every 
instant  to  the  i*ate  at  which  the  magnetic  lines  are  being  cut, 
and  this  will  again  be  proportional  to  three  quantities  :  (1)  the 
number  of  magnetic  lines  provided  by  the  field  magnet; 
(2)  the  number  of  copper  conductoi's  connected  together  upon 
the  armature ;  (3)  the  speed  at  wliich  these  conductoi-s  are 
driven.  In  alternate  current  dynamos  the  rate  of  cutting  is 
continually  changing  in  a  regular  periodicity  ;  in  continuous- 
current  machines  the  rate  of  cutting  is  automatically  averaged 
and  made  steady  by  the  method  of  grouping  the  conductors 
around  the  ring  or  drum  in  a  closed  circuit,  and  connecting  to 
the  commutator.  It  is  shown  later,  on  p.  171,  that,  for  con- 
tinuous-current dynamos  of  the  common  two-pole  type,  the 
electromotive-force  generated  in  the  revolving  armature  may 
be  calculated  as  follows : 

Let  the  speed  of  the  armature,  or  revolutions  per  second^  be 
called  n. 

Let  the  number  of  conductors  that  are  joined  in  series  with 
one  another  around  the  armature  be  called  Z. 

Let  the  number  of  magnetic  lines  which  pass  through  the 
armature  core  from  side  to  side  be  called  N« 

Let  the  number  of  volts  of  electromotive-force  generated 
by  the  rotating  armature  he  called  E. 
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Then  the  following  formula  holds  good: — 
E  =  nX   ZxN-^  100,000,000. 

Example, — In  a  Kapp  dynamo  used  at  the  Technical  College,  Fintfbury, 
Z  =  120;  N  =  7,170,000,  at  a  speed  of  780  revs,  per  min.,  or  13  revs,  per  sec, 
the  whole  electromotive-force  generated  is  111  volts. 

For  alteruate-curreiit  machines  the  fundamental  formula 
requires  to  be  completed  by  the  introduction  of  two  additional 
factors.  Such  machines  are  usually  multipolar,  and  if  N 
represents  the  magnetic  flux  around  any  one  of  the  individual 
magnetic  circuits,  the  total  magnetic  effect  must  be  increased 
by  multiplying  by  the  number  p  of  pairs  of  magnetic  poles 
that  surround  the  armature.  Further,  a  constant  k  must  be 
inserted,  the  numerical  value  of  which  (varying  from  1-1  to 
2*5  in  actual  machines)  depends  on  the  relative  breadths  of 
the  coils  and  pole-pieces  employed.  The  general  formula  for 
•  the  volts  generated  in  any  alternate-current  machine  will  then 
be : — . 

E=k  X  p  X  n  X  Z  X  t4  -^  100,000,000. 

Example, — In  one  of  Kappas  alternators,^  A;  =*  2*3  ;  p  =  0  ;  Z  =  1190  ; 
N  =  1,250,000,  when  running  at  700  revs,  per  min.  ;  so  that  n  —  11*6^ 
E  =  2360.  ^ 

From  the  above  formulge  it  will  be  seen  that  the  electro- 
motive-force at  which  any  dynamo  is  to  deliver  its  current 
is  the  product  of  three  factors ;  and  it  can  be  increased  by 
increasing  any  one  of  the  three,  or  all  of  them.  In  a  given 
machine  Z  is  a  constant,  and  Ni  ^1^©  magnetic  flux,  cannot 
be  increased  beyond  the  capacity  of  the  iron  core  to  carry 
magnetic  lines.  But  if  it  is  desired  to  design  a  new  machine, 
obviously  any  value  might  be  assigned  to  any  of  the  three 
factore,  provided  the  product  came  to  the  required  amount. 
It  is,  therefore,  a  question  of  expediency  whether  in  so  design- 
ing a  machine  we  will  increase  any  one  of  the  factora  rather 
than  any  other.  To  increase  N  nieans  using  a  larger  cross 
section  of  iron,  and  a  correspondingly  big  field -magnet,  and 
therefore  involves  additional  cost  of  iron.  To  increase  Z 
means  increasing  the  weight,  and  therefore  the  cost  of  the 
copper  conductoi-s ;  for  the  section  of  these  depends  on  the 
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cun-ent  they  have  to  cany,  whilst  the  electromotive-force 
genemtecl  depends  on  their  number,  and  on  the  mte  at  which 
they  cut  the  magnetic  lines.  Moieover,  experience  shows 
that  thus  increasing  the  quantity  of  copper  upon  an  armature 
core  of  given  size  involves,  when  once  a  certain  limit  is 
reached,  the  very  serious  difficulty  that  the  machine  cannot  be 
run  without  sparking  at  its  brushes.  To  increiise  the  speed  n 
involves  mechanical  difficulties  about  lubrication  and  liability 
of  the  parts  to  fly  out ;  in  fact,  mechanical  considemtions 
limit  the  speed.  For  many  yeai-s  modern  pmctice  has  gone 
in  the  direction  of  keeping  the  speed  slow,  and  in  keeping 
down  the  relative  amount  of  copper,  the  quantity  of  iron  being 
relatively  large ;  for  not  only  so  is  the  total  cost  of  tho 
machine  less  than  it  would  be  if  the  i-elative  amounts  of 
copper  and  iron  were  revei-sed,  but  the  expense  and  trouble 
of  maintenance  is  found  to  be  less.  Machines  with  a 
relatively  massive  and  powerful  field-magnet  spark  less,  re- 
quire less  attention  to  regulation  and  need  fewer  renewals  of 
the  bmshes  and  commutator  than  do  tliose  which  have  a  com- 
paratively weak  field-magnet.  Of  late  there  has  been  some 
tendency,  however,  to  a  movement  in  the  opposite  direction, 
because  if,  by  special  designing,  without saciificing  the  advan- 
tages attained  in  the  possession  of  a  relatively  powerful 
field-magnet,  the  speed  and  the  weight  of  copper  on  the 
armature  can  be  increased,  the  output  of  sych  a  machine  will 
l)e  proportionally  augmented  at  a  small  increase  of  total  weight 
and  total  prime  cost. 


Methods  of  Exciting  the  Field  Magnetism. 

The  five  simple  methods  of  exciting  the  magnetism  that  is 
to  be  utilized  in  the  magnetic  field  may  l)e  grouped  under  two 
heads,  according  to  whether  the  armature  of  the  machine  sup- 
plies the  machine's  own  magnetism  or  whether  the  magnetism 
is  provided  for  from  some  other  source. 

Magneto-dynamo. — In  the  oldest  machines  there  was  no 
attempt  to  make  the  machine  excite  its  own  magnetism,  which 
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was  provided  for  it  once  for  all  by  the  employment  of  a 
permanent  m^ignet  of  steel.  Unfortnnately,  tlie  supposed 
permanent  magnetism  of  steel  m^^nets  slowly  deoays,  and  is 
diminished  by  every  mechanical  shock  or  vibration  to  which 
the  machine  is  subjected. 

The  via^neto  electric  machine  ov  maffneto-<i)/namOt  a  diagram- 
matic drawing  of  which  is  given  in  Fig.  39,  survives,  indeed, 
in  numerous  small  types  of 
machines.  It  has  the  serious 
disadvantage  of  being  both 
heavier  and  bulkier  than  other 
dynamos  of  equal  capiicity,  be- 
cause steel  cannot  be  perma- 
nently magnetized  to  the  same 
high  degree  as  that  to  which 
wrought  ii-on  or  cast  iron,  or 
even  steel  itself,  can  be  tem- 
poi-arily  mised. 

Separately-excitedDynamo. — ■ 
It  was  an  obvious  step  to  sub- 
stitute for  steel  magnets,  elec- 
tro-magnets excited  by  means  of 
cuiTcnts  fi-om  some  independent 
source  such  as  a  voltaic  battery. 
The  »eparately-€xcited  dynamo 
(Fig.  40)  comes  therefore  second 
in   the  order  of  development. 
FiQ.89.-THEMAOi«ro-DTKAMO.   Though  used  by  Fal•ada;J^  this 
method  did  not  come  into  ac« 
ceptance  until,  in  1866,  Wilde  employed  a  small  auxiliary 
magneto   machine   to  furnish  currents   to   excite   the   field 
magnets  ofa  larger  dynamo.     The  separately-excited  dynamo, 
in  common  with  the  magneto  machine,  possesses  the  property 
that,  saving  for  armature  reactions,  the  magnetism  in  its  field, 
and  therefore  the  total  electromotive-force  of  the  machine,  is 
independent  of  changes  of  resistance  going  on  in  the  external 
circuit. 
The  dynamos  of  either  of  the  preceding  kiada  can  be 
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governed  in  three  different  ways  :  by  altering  the  speed,  by 
patting  the  brushes  forward  beyond  the  neutral  point,  or  by 
altering  the  magnetic  flux  through  the  armature.  For  long  it 
hai  been  the  fashion  to  control  the  electromotive-force  of 
magneto  machines  by  the  device  of  providing  a  movable 
piece  of  iron,  which  could  be  placed  more  or  less  over  the 
poles  of  the  field-magnet,  serving  as  a  magnetic  shunt  to 
divert  some  of  the  magnetism  from  the  armature.  In  the  case 
of  separately-excited 
machines  there  are 
two  other  methods  of 
diminishing  at  will 
the  efifecti^  e  magnet- 
ism, namely  by  weak- 
ening theexcitingcur- 
rent,  for  example,  by 
introducing  Iqss  resis- 
tance into  the  exciting 
circuit,  or,  by  altering 
the  number  of  turns 
of  wire  through  which 
the  existing  current 
circulates  around  the 
field-magnet. 

The  elementary 
methods  of  making 
dynamos  self-exciting 

are  three  in  number :  (1)  the  whole  current  from  the  arma- 
ture maybe  carried  through  field-magnet  coils  that  are  con- 
nected in  series  with  the  main  circuit ;  (2)  a  portion  of  the 
cuiTcnt  from  the  armature  may  be  diverted  from  the  main  cir^ 
cuit  and  carried  through  field-magnet  coils  of  somewhat  high 
resistance  connected  as  a  shunt ;  (3)  the  current  required  to 
excite  the  field-magnet  may  be  procured  either  from  a  second 
armature  revolving  in  the  same  field,  or  (if  the  armature  con- 
sists of  many  coils)  from  some  of  the  coils  of  the  armature 
that  may  be  separately  joined  up  for  that  purpose. 

Series  Dynamo. — ^The  series-wound,  or  ordinaiy  dynamo 


no.  40.— The  Sepabatelt-exoted 
Dynamo. 
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(Fig.  41),  possesses  but  one  circuit.  It  lias  the  disadvantage 
of  not  starting  action  until  a  certain  speed  has  been  attained, 
or  unless  the  resistance  of  the  circuit  is  below  a  certain  limit ; 
the  machine  refusing  to  magnetize  its  own  magnets  when 
there  is  too  much  resistance  and  too  little  speed.  The  least 
speed  of  self-excitation  is  a  measure  of  the  goodness  of  the 
magnetic  circuit.  Series-wound  machines  are  also  liable  to 
become   reversed  in  polarit3%  a  serious   disadvantage,   and 

one  that  unfits  this  type 
of  machine  for  employ- 
ment in  electroplating  or 
for  charging  accumulators. 
Any  increase  in  the  resist- 
ance of  the  series-wound 
dynamo  lessens  its  power 
to  supply  current,  because 
it  diminishes   the   current 

• 

in  the  coils  of  the  field 
magnet,  and  therefore  di- 
minishes the  amount  of 
the  effect  of  magnetism. 
When  lamps  are  in  series 
(as  is  usual  in  an  arc-light 
circuit)  in  the  circuit  of  a 
series-wound  dynamo,  the 
switching  on  of  an  addi- 
tional lamp  both  adds  to 
the  resistance  of  the  circuit  and  diminishes  the  power  of  the 
machine  to  supply  current.  On  the  other  hand,  when  lamps 
are  in  parallel  across  a  pair  of  mains  fed  by  a  dynamo,  if  that 
dynamo  is  series-wound,  the  switching  on  of  additional  lamps 
not  only  diminisfies  the  resistance  of  the  circuit,  but  causes 
the  field-magnets  to  be  further  excited  by  the  increased 
cuiTcnt  so  that  the  more  lamps  are  on  the  greater  becomes 
the  risk  of  their  getting  too  great  a  current. 

Shunt  Dynamo, — In  the  shunt-wound  machine  (Fig.  42) 
th#  field-magnet  is  wound  with  many  turns  of  fine  wire,  to 
receive  only  a  small  portion  of  the  whole  current  generated  in 


no.  41.— The  Series  Dykamo. 


Physical  Theory  of  Dynamo- Electric  Muckines.  51 


the  armatura.  These  coils  are  connected  to  the  brushes  of 
the  machine,  and  constitute  a  by-pass  circuit  or  shunt.  Shunt 
machines  ai*e  less  liable  to  reverse  their  polarity  than  series 
machines.  Owing  to  the  somewhat  greater  cost  of  the  fine 
wire  of  the  shunt  coil,  they  are  slightly  dearer  in  prime  cost 
than  series  miichines  of  equal  power,  but  the  expenditure  of 
electric  energy  to  keep  up  the  magnetism  is  alike  in  both 
cases.  It  requiies  the  same  expenditure  of  electric  enei^gy  to 
magnetize  an  electromag- 
net to  the  same  degree, 
whether  the  coil  consists  of 
many  turns  of  thin  wire 
or  of  a  few  turns  of  thick 
wire,  provided  the  weight 
of  copper  used  in  the  coil 
be  alike  in  the  two  cases. 
When  a  shunt  machine  is 
supplying  lamps  in  parallel, 
the  addition  of  lamps  which 
brings  down  the  nett  re- 
sistance of  the  circuit  will 
increase  the  current,  but 
not  proportionally,  for 
when  the  resistance  of  the 
main  circuit  is  lowered,  a 
little  less  current  goes 
round  the   shunt  and   the 

magnetism  drops  a  trifle  ;  nevertheless,  such  a  machine  may 
regulate  itself  tolerably  well  if  the  internal  resistance  of  its 
armature  is  very  small.  For  a  set  of  lamps  in  series,  the 
power  of  a  shunt  dynamo  to  supply  the  needful  current  in- 
ci'eases  with  the  demands  of  the  circuit,  since  any  added  re- 
sistance sends  additional  current  round  the  shunt  in  which 
the  field-magnets  are  placed,  and  so  makes  the  magnetic  field 
more  intense.  The  electromotive-force  of  the  shunt  machine 
can  be  controlled  by  introducing  a  variable  resistance  into 
the  shunt  circuit. 

A  variety  of  the  shunt  method  involves  the  use  of  a  third 
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FiQ.  42.— The  Shu>'t  Dynamo. 
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brushy  placed  against  the  commutator  at  some  point  inter- 
mediate between  the  points  of  highest  and  lowest  potential. 
The  ends  of  the  exciting  coil  are  connected  to  the  third  brush 
and  to  one  of  the  ordinary  brushes,  so  that  the  exciting  coil 
receives  a  fi-action  of  the  volts  generated  in  the  armature. 

Separate-circuit  Self-exciting  Dynamo. — There  is  yet  a 
third  species  (Fig.  48)  of  self-exciting  machine,  in  which  the 
field-magnet  coils  are  arranged  to   form   part  of  a   circuit 

entirely  separate  from 
the  main  circuit,  but  are 
supplied  with  currents 
from  coils  rotating  in 
the  field.  There  are  two 
ways  of  carrying  this 
into  effect ;  (1)  a  second 
armature  may  be  made 
to  rotate  between  the 
same  field-magnets  in 
order  to  supply  the 
exciting  current,  each 
armature  having  its  own 
commutator  ;  (2)  a  few 
of  the  armature  coils 
may  be  connected  up 
separately  to  a  special 
commutator  to  supply 
an  exciting  current. 
Holmes,  about  the  year 
1868,  described  a  machine  having  twenty  helices  in  the 
armature,  ten  of  which  supplied  alternate  currents  to  the 
lamps,  whilst  the  remaining  ten,  or  any  part  of  them,  could 
be  so  connected  up  through  a  special  commutator  as  to 
supply  the  exciting  current  to  the  field  magnets.  Ruhmkoi-ff 
attained  the  same  end  by  winding  a  second  wire  upon  the 
Siemens  (shuttle-wound)  armature,  which  then  was  provided 
with  a  commutator  at  each  end.  The  effect  of  the  separate- 
coil  method  of  excitation  is  almost  identical  with  that  of  the 
shunt  method,  but  it  has  the  advantage  that  the  current  thus 


Fia.  48.— Separate-oibcutt  Self- 
exciting  Dynamo. 
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taken  off  for  magnetizing  may  be  taken  at  a  low  voltage; 
this  being  pi*efenible  in  the  case  of  machines  for  high  voltages. 
For  machines  working  at  1000  volte  and  over,  the  cost  of  the 
fine  wire  for  winding  a  shunt  would  be  prohibitive. 

Any  of  the  five  systems  enumenited  may  be  applied  in 
continuous-current  machines.  For  alternate-current  machines, 
neither  series-winding  nor  shunt-windhig  is  applicable.  Each 
of  these  five  systems  of  exciting  tlie  field  magnetism  hcis  its 
own  merit  for  special  cases,  but  none  of  them  is  perfect.  Not 
one  of  these  methods^  will  ensure  that,  with  a  uniform  speed 
of  driving,  either  the  electric  pressure  »t  the  terminals  or  the 
current  shall  be  constant,  however  the  resistances  of  the 
circuit  are  altered. 

If  all  the  lamps  in  the  circuit  of  a  dynamo  were  required 
to  be  kept  alight,  all  being  turned  on  and  turned  off  at  once 
— in  other  words,  if  the  output  of  the  machine  were  constant 
— it  would  matter  little  how  the  magnetism  of  the  field-mag- 
net was  excited  whether  in  main  circuit  or  in  shunt,  provided 
the  speed  were  kept  constant.  But  for  systems  with  a  vari- 
able number  of  lamps,  none  of  the  simple  methods  of  excita- 
tion enumerated  above  will  insure  regularity  of  pressure  in 
the  electric  supply. 

Thanks,  however,  to  tlie  invention  of  combinations  of 
windings,  machines  can  be  made  which,  when  driven  at  a 
constant  speed,  give  out  their  current  at  a  constant  i)ressure. 
These  methods  are  carefully  developed  in  Chapter  XI. 
They  are  briefly  described  here  also,  so  as  to  complete  our 
summary  of  the  methods  of  exciting  the  field-magnets. 

Combination  Methods. 

There  are  two  distinct  cases  for  which  self-regulation  is 
required. 

As  the  function,  of  a  dynamo  is  to  feed  with  sufficiency 
and  regularity  a  system  of  lamps,  and  iis   those  lamps  are 

^  An  exception  exists  in  the  case  of  a  shunt-wound  machine  if  provided 
with  Sayers'  special  device  for  enabling  the  brushes  to  be  set  with  a  back- 
ward lead.     See  Chapter  XVI.  on  dynamo  design. 
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!  usually  in  practice  ^  arranged  either  in  pamllel  or  in  series.it 
is  clear  that  in  the  former  case  a  constant  electric  pressure  or 
difference  of  potentials  between  the  mains,  and  in  the  latter  a 
constant  current  is  required. 

Suppose  a  dynamo  to  haye  an  armature  of  zero  internal 
resistance,  without  demagnetizing  reactions,  and  to  have  its 
field-magnets  excited  from  some  independent  constant  source. 
At  a  constant  speed  it  would  give  a  constant  potential  at  its 
terminals  whatever  the  resistance  in  the  circuit.  But  if  it 
has  internal  resistance,  the  external  pressure  will  be  less  than 
the  whole  electromofcive-force,  and  the  discrepancy  will  be 
greater  according  as  the  internal  resistance  and  the  current 
are  greater.  Any  resistanceless,  separately-excited,  or  shunt 
dynftmo  would  thus  be  self-regulating.  The  drop  in  the 
volts  due  to  internal  resistance  and  to  armature  reaction  is 
nearly  proportional  to  the  current  taken  from  the  machine, 
being  large  when  the  cunent  is  large,  and  small  when  the 
current  is  small.  Hence  we  may  arrange  to  compensate 
these  effects  by  an  increase  of  the  magnetism  that  shall 
also  be  proportional  to  the  cuiTent.  This  is  done  by  winding 
on  the  field  magnet  a  few  turns  of  thick  wire  to  carry  the 
current  on  its  way  from  the  armature  to  the  lamps.  It  will 
then  give,  within  certain  limits,  a  constant  difference  of 
potentials  at  its  terminals.  For  distribution  at  a  constant 
pressure^  we  must  have,  therefore,  dynamos  in  which  there  is 
a  combination  of  series  coils  with  some  auxiliary  independent 
constant  excitation. 

It  has  been  liitherto  found  impracticable  to  devise  any 
mode  of  compouiid  winding  which  will  be  self -regulating  for 
a  constant  cunent.  Other  modes  of  regulation  are  resorted 
to  in  the  case  of  machines  for  series  arc  lighting  for  which 
an  unvarying  current  is  needed.  These  are  considered  in 
Chaptei-s  XVIII.  and  XXIX. 

^  Occasionally  incandescent  lamps  are  arranged  with  two,  three  or  more 
lamps  in  series,  a  number  of  such  series  being  united  in  parallel  across 
mains  that  are  kept  at  a  constant  pressure.  Less  frequently  a  few  lamps  all 
in  parallel  with  one  another  are  inserted  in  the  circuit  of  a  series  of  arc 
lamps  througli  which  a  current  of  constant  strength  is  maintained.  In  any 
case,  distribution  must  fall  under  one  or  other  of  the  two  cases  considered. 
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Combinations  to  give  Constant  Pressure. 

The  following  combinations  are  all  possible  solutions  of 
the  problem  of  giving  current  at  a  constant  pressure : — 

(1)  Series  and  Separate  (Deprez). — A  separate  and  con- 
stant excitation  is  provided  from  some  independent  source, 
so  as  to  bring  up  the  volts  on  open  circuit  to  the  required 
piessui-e.     The  ad- 
ditional excitation 
needed  to  raise  the 
magnetism,   so   as 
to  compensate  the 
lost  volts  and  the 
armature  reaction, 
is  provided  by  an 
additional      series 
winding,   as    indi- 
cated in  Fig.  44. 

(2)  Series  and 
Maf/neto  (Perrj'). 
— The  initial  ex- 
citation may  be 
that  of  a  perma- 
nent magnet  of 
steel:  but  Profes- 
sor PeiTy  sugges- 
ted the  more  gen- 

ei:al  solution  of  introducing  into  the  circuit  of  aseries  dynamo 
a  separate  magneto  machine  also  driven  at  a  uniform  speed, 
such  that  it  produces  in  the  circuit  a  constant  electromotive 
force  equal  to  the  pressure  which  it  is  desired  should  exist 
between  the  leading  and  return  mains.  The  series  machine 
only  operates  to  give  the  additional  volts  needed  for  compen- 
sating the  losses. 

The  combination  of   a  permanent   magnet   with   electro- 
magnets in  one  and  the  same  machine,  is  much  older  than  the 


Fig.  44. — Combination  op  Series 
AND  Separate. 
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suggestions  of  either  Deprez  or  Perry,  having  been  described 
by  Hjorth  in  1854. 

(3)  SericB  and  Shunt. — A  dynamo  having  its  coils  wound 
as  in  Fig.  45,  so  that  the  field-magnets  were  excited  partly 
by  the  main  circuit,  partly  by  a  shunt  current  diverted  from 

the  main  circuit,  was 
used  by  Brush  ^  as  early 
as  1878.  His  machine 
was  very  nearly  self- 
regulating,  there  being 
less  than  one  volt  of 
variation  in  the  pressure 
within  a  wide  range  of 
current.  The  voltage 
will  depend  upon  the 
degree  to  which  the 
magnetism  is  excited 
when  the  shunt  is  acting 
alone  on  open  circuit. 
The  arrangement  with 
shunt  and  series  coils  is 
commonly  known  as  a 
compound  tvinding? 
(4)  Series  and  Ixnig 
Shunt, — In  1882  the  author  proposed  to  give  this  name  to 
a  combination  closely  resembling  the  preceding.  If  the 
magnets  are  excited  partly  in  series,  but  also  partly  by  coils 
of  fine  wire,  connected  as  a  shunt  not  across  the  .brushes  but 

1  The  shunt  part  of  the  circuit,  originally  called  the  **  teazer,"  was  adopted 
at  first  in  raachines  for  electroplating,  with  the  view  of  preventing  a  reversal 
of  the  current  by  an  inversion  of  the  magnetization  of  the  field-magnets,  but 
was  retained  in  some  oCher  patterns  of  machine  on  account  of  its  usefulness 
in  "steadying-'  the  current. 

2  The  invention  of  the  ** series  and  shunt"  winding  is  claimed  for  several 
rivals.  Brush  luidoubtedly  first  used  it  commercially,  but  wlietherwith  any 
knowledge  of  all  its  advantages  is  doubtful.  It  has  also  been  claimed  by  Mr.  & 
A.  Varley  on  the  strength  of  the  machine  described  in  his  patent  specification, 
Xo.  49(}.')of  1870,  in  which  there  were  two  circuits,  of  diflferent  resistance,  both 
having  coils  wound  on  the  field-magnets,  and  both  going  to  the  lamp.  He  has 
obtained  a  decision  in  the  law  courts  that  this  strange  arrangement  anticipated 


FiQ.  45.  -Serie?    iXD  Shunt. 
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aero%8  the  terminals  of  the  external  circuity  then  the  pressure 
at  the  terminals  should  be  still  more  constant. 

(5)  Series  and  Separate-coil. — This  method  is  not  much 
used.  For  alternate-current  dynamos  a  modification  of  it 
had  been  used  with  success,  the  "  series  "  or  main-circuit 
excitation  being,  in  this  case,  replaced  by  an  excitation 
derived  from  the  main  current  by  means  of  a  small  trans« 
former,  and  rectified  by  a  commutator. 

that  described  by  Brush.    Compound  winding  was,  however,  described  in 

1871  by  Sinsteden,  in  Po[f(/.  Annalen  (Supplement  Band,  v).  651.    It  waa 

mentioned  as  having  some  advantages  by  Sir  C.  W.  Siemens  in  PhiloHophical 

Transactions,  March  1880.    It  is  also  claimed  for  Lauckert  (see  note  by  M. 

Boistel,  p.  100  of  his  translation  of  fii-st  edition  of  this  work);  Paget  Higgs, 

(Elecrical  Review,  xi.  280,  and  Electrician,  Dec.  23,  1882)  ;  J.  W.  Swan,  see 

Bosanquet  (ib.,  Dec. 9, 1882);  J.  Swinburne  (ib .,  Dec.  2.S,  1882);  S.  Schuckert 

(ib.,  Oct.  1.3,  1883).     It  ia  claimed  in  America  by  Edison;  and  it  has  been 

patented  by  Messrs.  Crompton  and  Kapp  {ib,,  June  9,  1883).    See  also  Hos- 

piUlier  {V Electricien,  No.  20,  1882).    Students  should  also  consult  a  series 

of  articles  in  The  Electrician,  vol.  x.,  beginning  Dec.  16, 1882,  by  Mr.  Gisbert 

Kapp.    Further,  they  should  see  a  paper  by  Dr.  Louis  BeU  in  the  Electrical 

Worlds  xvL  383, 189L 
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CHAPTER  IV. 

ACTIONS  AND  REACTIONS  IN  THE  ARMATURE. 

In  this  chapter  we  deal  mainly  with  continuous-current 
dynamos  having  armatures  of  either  ring  or  drum  type,  and 
with  a  simple  magnetic  field  such  as  is  furnished  by  the  two- 
pole  field  magnet  so  common  in  machines  of  this  class.  Many 
of  the  considei-ations  apply  equally  to  the  case  of  multipolai 
machines,  to  machines  with  armatures  of  the  disk  type,  and 
to  alternate-current  machines. 

For  the  sake  of  clearness  we  will  suppose  the  armature  (as 
viewed  from  the  end  to  which  the  commutator  is  affixed),  to 
be  rotating  right-handedly ;  and  we  will  further  suppose  that 
the  north  pole  of  the  field-magnet  is  situated  on  the  right 
hand,  as  in  Figs.  89  to  45,  so  that  the  magnetic  lines  pass 
through  the  armature  core  from  right  to  left.  We  shall 
further  suppose  that  the  coils  on  the  armature  cores  are 
wound  right-handedly.  Taking  this  as  a  standard  case  it 
is  afterwards  very  easy  to  see  how  a  change  in  any  one  of 
these  conditions  will  affect  the  induction  of  electromotive- 
force. 

In  Fig.  46  these  points  are  illustrated  by  an  end  view  of  a 
ring  armature.  The  magnetic  lines  proceeding  from  the 
N-pole  will  cross  the  adjacent  gap -space  from  right  to  left, 
and  enter  the  iron  core  of  the  armature  ;  tvavei'sing  this  (as 
illustrated  in  Fig.  .60,  p.  72),  they  will  then  pass  across  the 
other  gap-space  on  the  left  and  enter  the  S-pole  of  the  field 
magnet.  The  copper  wires  or  conductors  of  the  armature, 
as  each  rises  successively  in  the  left-hand  gap,  will  cut  these 
magnetic  lines.  Each  conductor  will  emerge  at  the  top  of 
the  gap,  will  move  over  the  highest  part  of  the  armature  from 
left  to  right,  and  in  descending  the  gap-space  on  the  right 
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will  again  cut  the  magnetic  lines.  If  we  now  apply  the  rule 
concerning  induction  '  laid  down  on  p.  22,  we  shall  find  that 
the  directions  of  the  induced  electromotive-forces  in  these 
rotating  conductors  will  be  as  follows: — In  all  the  conductore 
aa  they  ascend  through  the  left-hand  gup-space,  the  direction 
of  the  induced  electromotive-force  is  toward  the  observer — 
whilst  in  all  those  that  are  defending  the  other  gap«pace  on 
the  right  the  induced  electi-omotive-forces  will  be  directed 
from  the  observer.  It  we  assume  that  these  electromotive- 
forces  are  actually  producing  currents,' then  we  may  say  that 
the  currents  flow  toward  the  observer  in  the  conductors  which 
are  rising  in  the  left  gap«pace ;  and  from  the  observer  in 
those  that  are  descending  the  right  gap-space.    If  th<>  arma- 


ture is  wound  as  a  ring,  the  currents  which  come  in  one 
direction  in  the  gap-space  return  in  the  otiier  direction  down 
the  inside  of  the  ring.  If  the  armature  is  wound  as  a  drum, 
then  the  currents  simply  cross  at  the  end  of  the  coi-e  through 
connecting  conductors  provided  for  the  purpose. 

Now  consider  the  way  in  which  the  coils  on  the  armature 
are  connected  together.     Whether  wound  as  ring  or  drum 

'  See  toocnote,  p.  I. 

*  In  alt  ilynaiDOB,  when  xufA  axgtrterators,  the  currents  being  set  up  by  the 
electromolive-forrea  are  of  course  in  tiie  aaine  direHiontiM  tlie  eleotromotivp- 
forcea  which  impel  them.  But  it  most  be  remembprpd  that  In  the  case  of 
machine!  thatireusedas  innCorx  tliecurrents  are  b^^int;  sent  In  by  superior 
electron! 01  Ive-forcei  from  ontaiile,  and  that  tlie  induced  electromotive-forces 
In  the  motor's  armature  are  always  ic  bD  opjM  'ce  direction  lo  that  of  th« 
curren'  *bU  Is  flowing. 
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they  are  grouped  symmetrically  around  a  symmetrical  core, 
and  united  together  into  one  closed  coil ;  whilst  at  regular 
intervals  along  the  windings,  connecting  pieces  lead  down  to 
the  separate  bare  of  the  commutator.  Fig.  34,  p*.  40,  shows  a 
simple  ring  winding,  consisting  of  32  turns  of  wire  grouped  in 
eight  "  sections  '*  or  groups,  each  consisting  of  four  turns. 
The  end  of  each  section  is  joined  to  the  beginning  of  the 
next,  all  the  way  round.  There  are  eight  bars  in  the  commu- 
tator, and  each  section  of  the  winding  is  connected  down  at 
its  ends  to  two  adjacent  bars  of  the  commutator.  In  Fig.  34 
the  brushes  are  represented  as  making  contact  respectively 
with  the  highest  and  lowest  bara  of  the  commutator.  As  the 
windings  on  the  ring  are  right-handed,  a  little  consideration 
will  show,  in  accordance  with  the  preceding  paragraphs,  the 
induced  currents  in  the  ascending  windings  on  the  left-hand 
half  of  the  ring  will  all  be  climbing  from  the  lowest  point  to 
the  highest ;  and  also  the  currents  in  the  right-hand  half  of 
the  ring  will  also  be  climbing  from  the  lowest  point  to  the 
highest.  These  two  currents  will  unite  at  the  top  bar  of  the 
commutator,  and  will  flow  together  into  the  upper  brush 
(which  will  accordingly  be  deemed  the  positive  brush),  and 
thence  will  goto  supply  the  external  circuit ;  after  which  the 
current  will  return  to  the  lower,  or  negative  brush,  and  will 
there  re-enter  the  armature  at  the  lowest  bar  of  the  commu- 
tator, dividing  again  into  two  paits  and  flowing  up  the  two 
halves  of  the  winding  as  before.  If  the  conductor  on  the 
armature  were  wound  (or  connected)  left-handedly,  the  lower 
brush  would  be  the  positive  one,  and  the  upper  the  negative. 
All  the  preceding  argument  would  equally  apply  to  a  drum- 
winding  (compare  p.  245),  but,  owing  to  the  overlapping  of  the 
two  halves  of  the  windings,  the  paths  of  the  currents  would 
not  be  quite  so  obvious. 

It  will  be  noted  that  the  cuiTent,  after  having  entered  the 
armature  coils  and  divided  into  its  two  paths,  goes  from  section 
to  section  without  going  down  into  any  of  the  commutator 
bars,  until  both  streams  unite  at  the  other  side  and  pass  down 
into  the  bar  of  the  commutator  which  is  for  the  moment 
passing  under  the  brush.     At  those  moments  when  one  of  the 
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commutator  bars  is  just  leaving  contact  with  a  brush,  and 
another  one  is  coming  into  contact  with  it,  the  brush  will  rest 
on  two  adjacent  bai-s  and  will  momentarilj-  short-circuit  one 
section  of  the  coils.  While  this  lasts  the  two  streams  that 
come  through  the  two  halves  of  the  winding  will  flow  respec- 
tively to  the  two  bai-s  of  the  commutator,  and  will  thus  unite 
by  both  flowing  into  tlie  same  brush.  It  is  obvious  that  if  a 
current  is  introduced  at  any  point  into  a  closed  circuit  (such 
as  the  winding  of  a  ring)  and  is  taken  out  at  any  other  point, 
there  must  be  two  paths  through  the  windings.  In  the  case 
of  multipolar  msichines  we  shall  see  there  are  in  many  cases 
more  than  two  paths,  the  current  bifurcating  more  than  once 
in  its  way  through  the  armature. 

It  is  evident  that  if  the  magnetic  lines  in  the  gap-space 
are  more  closely  crowded  together  in  one  part  than  in  another, 
the  electromotive-forces  induced  in  the  separate  windings  as 
they  cut  these  magnetic  lines  will  be  of  unequal  amount ;  the 
greatest  electromotive-force  being  generated  in  those  con- 
ductors which  are  passing  through  that  part  of  the  magnetio 
field  where  the  lines  are  crossing  the  gap  most  densely.  But 
since  the  individual  conductora  are  all  united  together  end  to 
end,  it  will  be  obvious  that  the  total  electromotive-force  of 
either  half  of  the  winding,  from  brush  to  brush,  will  be  the 
sum  of  the  electromotive-forces  in  the  separate  coils. 


Inductiok  in  a  Uniform  Horizontal  Magnetic 

Field. 

In  considering  the  case  of  ail  ideal  simple  dynamo,  it  was 
shown  that  the  induction  in  the  rotating  loop  or  coil  was  zero 
at  the  position  where  it  lay  in  the  diameter  of  commutation, 
and  that  the  induction  increased  (as  the  sine  of  the  angle)  to 
its  maximum  value  at  about  90**  (see  Fig.  18,  p.  32).  This  is 
of  course  true  for  the  ideal  case  of  the  magnetic  lines  going 
straight  across  horizontally  with  equal  density  everywhere. 
In  actual  dynamos  the  distribution  of  magnetic  lines  in  the 
gap  is  different,  not  always   symmetrical,  as   we   shall  see. 
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Returning  to  the  ideal  case,  Fig,  47,  which  presents  a  curve 
of  %ine%,,  will  serve  to  represent,  by  the  height  of  the  curve 
the  amount  of  induction  going  on  in  an  armature  at  every  10^ 
round  the  circle.  If  there  are,  for  example,  thirty-six  sections 
in  a  ring  armature,  so  that  the  sections  are  spaced  out  at  10^ 
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Fio.  47.— Curve  of  Induced  Electromotive-Force. 

apart,  the  least  active  sections  will  be  those  at  0°  and  180% 
whilst  the  most  active  are  those  at  90°  and  270°.  But  in  all 
the  ordinary  "closed-coil**  aimatures,  the  separate  sections 
are  connected  together  so  that  any  electromotive-force  induced 
in  the  first  section  is  added  on  to 
that  induced  in  the  second,  and 
that  in  the  third  is  added  to  these 
two,  and  so  on  all  the  way  round 
to  the  brush  at  the  other  side. 
The  separate  electromotive-forces 
are  added  together  just  as  are  the 
sepamte  electromotive-forces  of  a 
battery  of  voltaic  cells  united  in 
series.  A  ring  of  battery  cells 
united  in  series,  like  Fig.  48,  but 
having  one-half  the  cells  set  so 
that  the  current  in  them  tends  to 

run  the  other  way  round  the  ring,  forms  a  not  inapt  illus- 

ti*ation  of  the  induction   in   the  sections  of  a  ring  armature. 

Now,  knowing  how  the   induction   in   individual  coils  or 

"•ections  rises  or  falls  round  the  ring,  let  us  inquire  what  this 


V 


Fia.  48. 
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will  result  in  when  we  add  up  the  separate  electromotive- 
forces  so  as  to  find  the  total  effect.  We  shall  have  to  add  up 
the  effects  of  all  the  sections  lound,  from  the  negative  brush 
at  0®  on  one  side,  to  the  positive  brush  at  180°  on  the  other 
side  :  and  the  result  will  be  the  same  in  each  half  of  the  ring 
because  of  symmetry.  Suppose  we  take  the  side  from  0°  by 
90°  to  180°  (on  the  left  in  Figs.  20  and  46).  If  we  look  at  the 
curve  given  above  (Fig.  47)  we  shall  see  that  as  the  heights  of 
the  dotted  lines  represent  the  amount  of  induction,  the  total 
effect  will  be  got  by  adding  up  the  lengths  of  all  those  from 
0°  to  180^ ;  and  of  course  the  sum  is  equal  to  the  sum  of  the 
negative  lengths  between  180° 
and  860°.  But  we  may  do  the 
thing  in  another  way,  which, 
besides  giving  us  the  final  total, 
will  show  us  how  the  sum  grows 
as  each  length  is  successively 
added  on.  We  should  find  that 
the  sum  grew  slowly  at  firet, 
then  rapidly,  then  slowly  again 
as  it  neared  its  highest  value. 
The  sum  of  the  effects  would 
grow,  in  fact,  in  a  fashion  repre- 
sented on  a  reduced  scale  in 
the  curve  of  Pig.  49.  This  pro- 
cess of  adding  up  a  continuously 

varying  set  of  values  is  called  by  mathematicians  integrating. 
Fig.  49  is  got  by  integrating  the  values  of  the  curve  Fig.  47 
between  the  limits  of  0°  and  180°.  Now  in  the  actual  dynamo 
this  integration  is  effected  by  the  nature  of  things,  in  con- 
sequence of  the  fact  that  each  section  is  united  to  those  on 
either  side  of  it. 

It   is   possible   to   investigate  by  experiment  ^  either  the 

1  For  some  investigations  made  by  the  author,  the  reader  is  referred 
to  the  author's  Cantor  Lectures  delivered  in  1883  before  the  Society  of 
Arts,  and  which  are  also  described  in  the  earlier  editions  of  this  book. 
The  reader  should  refer  to  curves  of  induction  obtained  by  Gaugain  (see 
AnncUes  de  Chimie  et  de  Physique j  1873),  and  by  Isenbeck  (see  Elektro- 
technische  Zeitschrift,  Aug.  1883).  The  more  recent  researches  are  re- 
ferred to  on  p.  65,  and  in  the  Chapter  on  Alternators. 


Fio.  49.~Imteorated  Curve 
OP  Potentials. 
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induction  in  the  individual  coils  or  the  total  integrated  poten- 
tial. Sevei-al  methods  have  been  suggested  for  measuring 
the  electromotive-forces. 

Method  of  Exploring  Brushes, — The  electromotive-force 
induced  in  a  single  section  as  it  passes  any  particular  position, 
may  be  examined  by  means  of  a  voltmeter  in  the  following 
way.  Two  small  metal  brushes  are  fixed  to  a  piece  of  wood  at 
a  distance  apart  equal  to  the  width  between  two  consecutive 
bars  of  the  commutator.  These  brushes  are  united  by  wires  to 
the  voltmeter  terminals.  The  two  brashes  are  placed  against 
the  commutator,  as  shown  in  Fig.  50,  while  it  rotates ;  and 
as  they  can  be  applied  at  any  point,  they  will  measure  the 
average  volts  in  that  section  of  the  armature  which  is  pass- 
ing through  the  particular  part  of 
the  field  corresponding  to  the  posi- 
tion of  the  contacts, 

Mordexfs  Method, — The  rise  of 
the  totalized  (z.  e.  "  integrated  ") 
potential  round  the  armature  can 
be  measured  experimentally  by  a 
method  first  suggested  by  Mr.  W. 
M.  Mordey,  involving  the  use  of  a 
Fio.  50.-METHODOF  J     ,    exploring  brush  and  a  volt- 

Experimenting  at  Commu-         ^         ^  -     ^     e    -i 

TATOR  OF  Dynamo.  meter.     One  terminal  of  the  volt- 

meter is  connected  to  one  of  the 
brushes  of  the  dynamo  (Fig.  51),  and  the  other  terminal  is 
joined  by  a  wire  to  a  small  pilot  brush  jt?,  which  can  be 
pressed  against  the  rotating  collector  at  any  desired  part  of 
its  circumference.  In  a  well-arranged  continuous-cuiTcnt 
dynamo,  if  one  thus  measures  the  difference  of  potential  be- 
tween the  negative  brush  and  the  successive  bai"s  of  the 
commutator  one  finds  that  the  potential  increases  regularly 
all  the  way  round  the  armature,  in  both  directions,  becoming 
a  maximum  at  the  opposite  side  where  the  positive  brush  is. 
The  distribution  is  irregular  in  badly-designed  machines. 

8wivhume*s  Method, — An  elegant  modification  of  the 
preceding  method  consists  in  connecting  a  high-resistance 
wire  across  the  terminals  of  the  machine,  and  finding  by  a 
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detector  galvanometer  tlie  position  along  this  wire  of  the 
points  which  have  the  same  potential  aa  that  of  the  pilot- 
brush  on  the  commutator.  Being  a  zero  method  it  \&  very 
accurate;  and  it  dispenses  with  the  voltmeter,  which  for 
tlie  preceding  method  needs  to  be  accurate  over  a  wide 
range. 

Joubert'g  Method. — Another  mode  of  examining  the  elec- 
tromotive-foi-ce  induced  at  every  successive   point  in  the 


Pre.  51. — MoBDEY'a 


rotation  was  devised  by  M.  Joubert,'  who  placed  on  tlie  shaft 
of  the  dynamo  11  jiair  of  insukted  metal  collara  connected  to 
the  ends  of  the  armature  winding  ;  each  collar  having  a  pro- 
jecting contact-piece  which  at  each  revolution  made  a  moment 
contactagainsta  spring.  The  momentat  which  this  occurred 
>  Annalea  de  rScole  IformaU,  x.  131,  1881. 
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depended  upon  the  position  of  the  contact  springs,  which 
could  be  adjusted  to  different  points,  and  thus  enable  measure- 
ments to  be  made  of  the  instantaneous  values  of  the  electro- 
motive-force at  all  different  positions  of  the  armature.  Jou- 
bert's  method  has  been  used,  with  some  modifications,  by 
Mordey  and  Rawortli,^  by  Ryan  ,2  and  by  Fleming.^ 

Mordey^s  Statical  Method — Another  method,  applicable 
to  machines  at  rest  and  without  currents  in  the  armature,  con- 
sists in  separately  exciting  the  field-magnets,  while  the  arma- 
ture coils,  or  any  one  of  them,  are  connected  to  a  suitable 
ballistic  galvonameter,  and  observing  the  throw  caused  by  the 
sudden  turning  off  of  the  current  in  the  exciting  circuit.  If 
this  is  done  in  a  number  of  successive  positions  of  the  anna* 


Fig.  52. — ^Diagram  of 
Potential  round 
THE  Commutator  op 
Gramme  Dynamo. 


Fig.  53. — Horizontal  Diagram  of 
Potentials  at  Commutator  op 
Gramme  Dynamo. 


ture,  relatively  to  the  field-magnet,  a  measure  is  obtained  of 
the  densily  of  the  magnetic  flux,  corresponding  to  each 
position  of  the  armature,  and  the  result  may  be  plotted  out  in 
a  curve  exhibiting  the  distribution  of  magnetism  in  the  field. 
This  distribution  is,  however,  perturbed,  as  we  shall  see,  when 
the  machine  is  running  by  the  current  in  the  conductors  of 
the  armature. 

These  indications  may  with  advantage  be  plotted  out  round 
a  circle  corresponding  to  the  circumference  of  the  commutator. 
Figs.  52   and  53,  which  are   reproduced  from  the  author^s 

1  Journal  Inst,  Electrical  Engineers^  xviii.  670,  1889. 

2  Trans,  Amer.  Instit,  Electrical  Engineers,  vil.  3,  1800. 
«  Electrician,  Feb.  2%,  1895. 
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Cantor  Lectures  of  1883,  8e|^  to  show  how  the  potential  in  a 
good  Gi-amme  machine  rises  gradually  from  its  lowest  to  its 
highest  value. 

It  will  be  seen  that,  taking  the  negative  brush  as  the 
lowest  point  of  the  circle,  the  potential  rises  perfectly  regularly 
to  a  maximum  at  the  positive  brush.  The  same  values  as 
are  plotted  round  the  circle  in  Fig.  52  are  also  plotted  out  as 
vertical  ordinates  upon  the  level  line  in  Fig.  68,  which  is  an 
actual  record  taken  from  an  "  A  "  Gramme. 

Such  curves,  plotted  out  from  measurements  of  the  distri- 
bution of  potential  at  the  commutator,  show  not  only  where  to 
place  the  brushes  to  get  the  best  effect,  but  enable  us  to  judge 
of  the  relative  "  idleness  "  or  inductive  activity  of  coils  in 
different  parts  of  the  field,  and  to  gauge  the  actual  density 
of  different  parts  of  the  field  while  the  machine  is  running. 
The  steepness  of  the  slope  of  the  curve  at  different  points  is 
it  self  a  measure  of  the  relative  idleness  oractivity  of  coils 
in  the  corresponding  parts  of  the  field. 

The  rise  of  potential  is  not  equal  between  each  pair  of 
bars,  otherwise  the  curve  would  consist  merely  of  two  oblique 
straight  lines,  sloping  right  and  left  from  the  points  of  highest 
and  lowest  potential  respectively.  On  tlie  contary,  there  is 
very  little  difference  of  potential  between  the  commutator 
bars  corresponding  to  the  coils  that  are  relatively  idle.  The 
greatest  difference  of  potential  occurs  where  the  curve  is 
steepest,  at  a  position  nearly  90^  from  the  brushes,  in  fact,  at 
that  part  of  the  circumference  of  the  commutator  which  is  in 
connection  with  the  coils  that  are  passing  through  the  position 
of  best  action.  If  the  magnetic  field  in  which  the  armature 
rotated  were  uniform  and  parallel,  the  curve  would  be  a  true 
"sinusoid,"  or  curve  of  sines.  The  number  of  magnetic  lines 
that  pass  through  a  coil  would  be  proportional  to  the  cosine 
of  the  angle  which  the  normal  of  that  coil  makes  with  the 
resultant  direction  of  the  magnetic  lines  in  the  field,  and 
the  rate  of  cutting  the  magnetic  lines  should  be  proportional 
to  the  sine  of  this  angle.  Now  the  cosine  is  a  maximum 
when  tlie  angle  =  0°  and  the  sine  is  a  maximum  when  the 
angle  =  90*^ ;  hence  the  rate  of  increase  of  potential  should  be 
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at  its  greatest  when  the  coil  is  parallel  to  tlie  magnetic  lines — 
as  is  very  nearly  realized  in  the  diagram  of  Fig.  53,  which, 
indeed,  is  very  nearly  a  true  "  sinusoidal  "  curve. 

But  in  ordinary  dynamos  with  polar  surfaces  that  embrace 
the  armature  closely  on  both  sides  (as  in  Fig.  46,  p.  59)  the 
field  is — at  least  when  not  distorted  by  armature  reactions — 
distributed  nearly  radially  in  the  gap  spaces;  and  in  the  parts 
lying  between  the  pole  tips  there  are  hardly  any  magnetic 
lines  entering  or  leaving  the  armature.  Hence  in  such  a  case 
the  revolving  conductors  become  active  as  they  plunge  into 
the  gap,  continue  nearly  equally  active  as  they  pass  along  the 

gap,  and  become  almost  idle 
when  they  emerge  to  pass 
between  the  pole-tips.  In 
such  a  case  the  result  of  ex- 
ploring the  potentials  by  the 
first  method  will  be  to  yield  a 
curve  such  as  A  in  Fig.  54. 
The  corresponding  curve  for 
the  total  potential  measured 
from  the  negative  point  around 
the  commutator  by  tlie  second 
method  is  indicated  at  B  in 
Fig.  54. 

If  the  brushes  are  badly 
set,  or  if  the  pole-pieces  are 
not  judiciously  shaped,  the  rise 
of  potential  will  be  irregular,  and  there  will  be  a  maxinia^nd 
minima  of  potential  at  other  points.  An  actual  diagram, 
taken  from  a  dynamo  in  which  these  anangements  were 
faulty,  is  shown  in  Fig.  55,  and  again  is  plotted  horizontally 
in  Fig.  56 ;  from  which  it  will  be  seen,  not  only  that  the 
rise  of  potential  was  irregular,  but  that  one  part  of  the 
commutator  was  more  positive  than  the  positive  brush,  and 
another  part  more  negative  than  the  negative.  The  brushes, 
therefore,  were  not  getting  their  proper  difference  of  potential; 
and  in  part  of  the  coils  the  currents  were  actually  being  forced 
against  an  opposing  electromotive-force. 


Fig.  54. 
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As  we  shall  see,  the  curi-ent  in  the  armature  reacts  on  the 
magnetic  field,  and  distorts  the  distribution  of  magnetic  lines 
ill  the  gap-space. 

These  methods  of  exploring  the  distribution  of  potential 
^t)und  the  commutator  have  proved  very  useful  in  practice, 
\\\\  elucidated  various  puzzling  and  anomalous  results  found 
by  experimenters  who  have  not  known  how  to  explain 
ihem. 

Curves  similar  to  those  given  can  be  obtained  from  the 
commutators  of  any  continuous-current  dynamo  having  a 
closed-coil  annature.  The  open-coil  machines  used  in  are 
lighting  give  widely  different  curves  owing  to  the  peculiar 


Pig.  55.— Diagram  op 
Potential  Kouxd 
THE      Commutator 

OP    A      BADLY     ar- 
ranged Dtnamo. 


Fig.  56. — Horizontal  Diagram  Or 
Potentials  at  Commutator  op 
Faulty  Dynamo. 


ari-angements  of  their  commutators.  It  should  also  be 
remembered  that  the  presence  of  brushes  drawing  a  current 
will  alter  the  distribution  of  potential ;  and  the  manner  and 
amount  of  such  alteration  will  depend  on  the  position  of  the 
brushes,  as  well  as  on  the  amount  of  cun-ent  drawn  and  the 
design  of  the  machine. 

Curves  showing  the  actual  distortions  due  to  the  armature 
reaction,  have  been  given  by  von  Gaisberg  ^  for  a  Schuckert 
dynamo,  by  Kohlrausch^  for  a  Lahmeyer  dynamo,  and  by 
M.  E.  Thomson  *  for  a  Thomson-Houston  dynamo ;  also  by 
Ryan  (see  above). 


1  Elektrotecfinische  Zeitschrift,  vii.  67,  Feb.  188d. 
«  Centralhlattfur  ElektrotechnikM.  419,  1887. 
»  Electrical  World,  xvil.  392,  1891. 
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Rkactions  Dub  to  the  Currents  in  the  Armature. 

When  a  dynamo  is  yielding  a  current,  a  set  of  entirely 
new  phenomena  arises  in  consequence  of  the  magnetic  and 
electric  reactions  set  up  between  the  armature  and  the  field- 
magnets,  and  between  the  separate  sections  of  the  armature 
coils.  The  current  circulating  in  the  armature  windings  pro- 
duces magnetizing  effects  which  interfere  with  those  of  the 
exciting  currents  of  the  field-magnet.  In  addition  to  this 
there  may  also  be  eddy  currents  in  the  masses  of  metal  which 
will  perturb  the  magnetic  field.  The  reactions  of  the  running 
armature  manifest  themselves  in  several  ways,  the  more 
important  of  which  are  (a)  a  tendency  to  cross-magnetize  the 
armature ;  (6)  a  tendency  to  spark  at  the  brushes;  (cr)  hence 
the  necessity  of  shifting  the  brushes  through  a  certain  angle 
to  such  a  point  that  sparking  disappeai-s ;  (cZ)  a  consequent 
tendency  for  the  armature  current  to  demagnetize  ;  (^)  varia- 
tions of  sparking,  and  consequently  of  the  neutral  points, 
when  the  amount  of  current  drawn  from  the  machine  is 
altered;  (f)  heating  of  armature  cores  and  coils ;  (jf)  heating 
of  the  pole-pieces  of  the  field-magnets ;  (A)  a  consequent 
discrepancy  between  the  quantity  of  mechanical  horse-power 
imparted  to  the  shaft  and  the  electric  horse-power  furnished 
in  the  electric  circuit.  The  nature  of  these  reactions  demands 
careful  attention. 

Cross-magnetizing  Effect  of  Armature  Current. — We  have 
seen  (pp.  40,  62,  and  Fig.  48)  that  any  closed-coil  armature 

may  be  regarded  as 
acting  like  a  double 
voltaic  battery,  the 
two  sets  of  coils  acting 
like  two  rows  of  cells 
united     in     parallel. 

We  have  now  to  show 
Fig.  57.-POLK8  ON  HALF  Ring.  ^^j^^  ^  ^-^^^  armature 

may  be  regarded  also  as   a  double   magnet.      Suppose   a 
semi-ring  of  iron  to  be  surrounded,  as  in  Fig.  57,  by  a  coil 
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canying  a  current,  it  will  become,  as  every  one  knows,  a 
magnet  having  a  N-pole  at  one  end,  and  a  S-pole  at  the 
other.  If  a  complete  ring  be  similarly  over-wound,  but 
with  an  endless  winding,  and  if  then  electric  currents  from 
a  battery  or  other  source  are  introduced  into  this  coil  at 
one  point,  flowing  round  the  two  halves  of  the  ring  to  a 
point  at  the  other  side,  and  then  leave  the  coil  by  an  appro- 
priate conductor,  each  half  of  the  ring  will  be  magnetized. 
There  will  be,  if  the  currents  circulate  as  represented  by  the 
arrows  in  Fig,  68,  a  double  (or  **  consequent ")  S-pole  at  the 


Fig.  58. — ClRCULATIOKOrCURBEKT 

ABOUND  Ring  Abmatube. 
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Fig.  G9. — Magnetization  dttb 
TO  Abmatube  Cubbevt. 


point  whei*e  the  currents  enter  the  winding,  and  a  double  N-pole 
at  the  place  where  the  currents  leave.  The  currents  circulating 
in  a  Gramme  ring  will  therefore  tend  to  magnetize  the  ring 
in  this  fashion.  Let  us  see  how  such  a  magnetization  is  dis- 
tributed inside  the  iron  itself.'  Fig.  59  shows  the  general 
course  of  the  magnetic  lines  as  they  permeate  through  the 
iron  ;  where  they  emerge  into  the  air  are  the  effective  poles  of 
the  ring  regarded  as  a  magnet.  Fig.  59  should  be  very  care- 
fully compared  with  Fig.  65.  It  will  be  noticed  that  though 
the  majority  of  the  magnetic  lines  pass  externally  into  the  air 
at  the  outer  circumference  of  the  ring,  a  few  of  them  find 
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their  way  across  the  interior  of  the  ring,  from  its  X  to  its  S* 
pole.'  This  pai-t  of  the  magnetic  field  would  in  an  actual 
dynamo  be  deleterious  if  the  number  of  magnetic  lines  were 
not  in  reality  few.  The  presence  of  the  external  masses  of 
iron  at  the  polar  parts  of  the  field-magnet  tends  to  cause  these 
magnetic  lines  to  find  their  way  externally. 

It  is  evident  that  this  cross-magnetizing  effect  will  pro- 
duce a  distortion  of  the  magnetic  field  in  the  pole-pieces  and 
in  the  gap-space.  If,  however,  the  brushes  could  be  allowed 
to  remain  at  the  ends  of  a  diameter  exactly  symmetrically 
between  the  pole-tips,  the  effect  of  the  cross  field  upon  the 


A 

Fig.  60.— Magnetic  Flux  through  Abmature,  when  no  Current 

is  flowing. 

electromotive-force  would  be  inappreciable.  But  the  brushes 
have  to  be  displaced  into  an  angular  position  in  order  to  avoid 
sparking:  the  diameter  of  commutation  being  oblique  when 
the  brushes  are  moved  forward  to  the  neutral  points.  When 
this  is  done  the  armature  current  prnduces,  as  we  shall  see. 
not  only  a  cross  magnetizing  effect,  but  also  a  demagnetizing 
effect;  and  this  weakens  the  electromotive-force. 

Fig,  60  represents  ^  the  magnetic  flux  through  an  armature 
at  rest,  when  the  field-magnets  are  sepaitttely  excited.  The 
width  of  the  gap-space  is  exaggerated,  and  the  conducting 
wires  both  on  the  armature  and  on  the  field-magnet  are 
shown  in  section  as  if  consisting  of  a  single  layer  of  large 

^  Figs.  (H),  61,  62  and  68  are  taken,  with  some  modification,  from  Esson's 
oaper  hi  Journal  InsL  Electrical  Enaineem.  xix.  135. 189a 
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round  wires.  Wires  in  which  a  current  flows  toward  the 
observer  are  distinguished  by  a  central  dot.  Wires  in  which 
a  current  flows /row  the  observer  are  distinguished  by  a  cross. 
The  reader  may  think  of  the  dot  as  representing  the  point 
of  an  arrow  advancing  towards  him  ;  whilst  the  cross  may 
represent  its  retreating  tail.  Wires  carrying  no  current  are 
!eft  blank.  It  will  be  noticed  that  the  magnetic  lines  are 
fairly  uniformly  distributed  both  in  the  gap-spaces  and  in  the 
polar  portions  of  the  field-magnet.  The  armature  is  drum- 
wound,  the  wires  being  only  on  the  outside;  the  magnetizing 
effect  of  a  current  in  it  will  be  of  the  same  kind  as  that  traced 


s 

Fig.  61. — Cror5^Maonetizixo  Effect  of  the  Armature  CirRnEirr. 


out  above  in  the  case  of  a  ring-wound  armature,  though  less 

in  degree. 

Suppose,  now,  the   exciting  current   in  the   field-magnet 

coils  to  be  removed,  and  a  current  sent  through  the  armature 

coils  only,  so  as  to  imitate  the  effect  of  the  current  generated 

by  the  machine  when  running.     If  it  is  to  do  this,  and  if  the 

armature  connections   are  in    right-handed    order,   and   the 

machine  rotating  right-handedly,  the  currents  in  botli  sets  of 

windings  will  tend  to  climb  toward  the  top,  the  upper  brush 

being  the  positive  brush,  and  the  double  pole  created  at  B  will 

be  a  north  pole.     Suppose  the  brushes  by  which  the  cun-ent 

enters  and  leaves  to  be  set  respectively  at  the  highest  and 

lowest  points,  as  in  Fig.  61 ;  then  the  dotted  lines  may  be 

5— Vol.  3 
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taken  as  repi-esenting  the  flow  of  magnetic  lines  due  to  th« 
currents  in  the  armatui-e.  Since  the  number  of  sucb  magnetic 
lilies  depends  upon  the  goodness  of  the  magnetic  path  which 
they  have  to  follow,  it  is  clear  tliat  the  cross  field  produced 
by  a  given  current,  flowing  in  a  given  set  of  conductors,  will 
be  greater  the  narrower  tlie  gap«pace,  and  the  wider  the  arc 
spanned  by  the  polar  masses  of  iron  ^  on  either  side.  It  may 
also  be  noted  that  the  cross-flux  in  either  half  of  the  armature 
must  cross  the  gap-space  twice. 

But  in  the  actual  dynamo,  when  generating  a  current,  both 
these  magnetizing  actions  are  going  on  at  once.     If  we  super- 


Fro,  62.— Joint  Maonetizino  Effect  of  Cubbentb  in  Fikld-Maqnkt 
AND  Abmatuhe  (no  lead). 

pose  Fig.  91  on  Fig.  60  we  shall  obtain  an  approximate  picture 
of  the  state  of  tilings,  as  Fig.  62.  We  suppose  that  the 
brushes  were  set  to  touch  at  two  points  on  the  vertical 
diameter.  The  field-magnets  tend  to  magnetize  the  ring  so 
that  its  extreme  left  point  is  a  N-pole,  and  the  currents  tend 
to  magnetize  it  so  that  its  liighest  point,  whei-e  the  brush  is, 
ia  a  N-]>ole.  The  consequence  of  tliis  will  be  a  i-esultant 
magnetization  iu  an  oblique  direction.  The  magnetism  is 
thus  distorted  in  the  direction  of  the  rotation  (in  motoi-s  it  is 
distorted  tlie  other  way)  as  if  the  mtation  of  the  armature 
had  actually  dragged  the  magnetism  round  a  little.  The 
position  of  maximum  potential  will  also  be  shifted  a  little  in 

1  Sot  Journal  IntL  Electrteal  Bngtneera,  xx.  290,  180L 
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the  direction  of  the  rotation.  Now  for  reasons  to  be  shortly 
discussed,  the  brushes  must  be  set,  not  on  the  diameter  that 
lies  symmetrically  between  the  pole-tips,  but  at  an  angle  a 
little  ahead  of  this  in  the  direction  of  the  rotation.  Hence  the 
cross  field  will  also  lie  obliquel}',  tending  to  further  distortion. 

Draw  a  line  O  F  (Fig.  63)  to 
represent  the  ampere  turns  due 
to  the  field-magnet  excitation,  and 
the  line  O  B  to  represent,  relatively 
in  magnitude  and  direction,  the 
ampere  turns  due  to  the  armature 
current ;  then  the  diagonal  O  R 
will  represent  the  direction  and  magnitude  of  the  resultant 
magnetizing  tendency. 

An  exaggerated  diagram  of  the  distortions  which  result  is 
given  in  Fig.  64,  which  relates  to  a  ring-wound  dynamo.    A 


Fig.  63. 


^M^*^'" 


Pig.  64. — Magnetic  Reactions  between  Field-magnets  and 

Armature  in  Generator. 


reference  to  Figs.  60  and  62  will  also  show  that  the  magnetism 
of  the  armature  reacts  on  the  magnetism  of  the  pole-pieces. 
The  magnetic  lines  in  the  iron  of  the  left  pole-piece  are 
crowded  up  towards  the  top  corner,  and  in  the  right  pole- 
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piece  are  crowded  towards  the  bottom,  as  if  the  polarity  had 
been  attmcted  upwards  on  one  side  and  downwards  on  the 
other.  The  density  of  the  field  is  completely  changed  from 
what  it  was  in  Fig.  60.  The  magnetic  lines  at  the  upper  left 
side  are  crowded  together.  The  resultant  N-pole  of  the  ring 
— marked  n,  7i,  n,  where  the  lines  emerge  from  tlie  ring — 
attracts  the  S-pole — marked  «,  «,  «,  where  the  lines  enter  the 
field-magnet — and  the  steam-engine  which  drives  the  dynamo 
has  to  do  hard  work  in  dragging  the  armature  round  against 
these  attractions.  The  stronger  the  current  in  the  armature 
coils,  the  stronger  will  be  the  poles  in  the  armature,  and  the 
stronger  wdll  be  the  attraction  of  w,  n,  w,  toward  «,  s,  %;  so  the 
steam-engine  must  work  still  harder  to  keep  up  the  speed. 
It  will  also  be  noticed  in  tliis  figure,  which  relates  to  a  ring- 
wound  machine,  that  ^feio  of  the  magnetic  lines  due  to  the 
current  in  the  armature — two  of  them  are  shown  dotted  in  the 
figure — leak  across  internally  and  contribute  nothing  to  the 
external  fleld.  The  oblique  direction  of  this  internal  field 
marks  the  angle  of  lead  of  the  brushes.  It  will  be  remarked 
that  the  innermost  layers  of  iron  of  the  ring  aie  magnetized 
differently  from  the  outermost,  for  the  "  n  "  pole  of  the  outer 
layer  of  iron  occupies  a  region  lying  obliquely  on  the  left, 
while  the  "  n  "  pole  of  the  inner  layers  lies  to  the  right  of  the 
highest  point.  All  these  phenomena — the  shifting  of  the  field 
— its  concentmtion  under  the  "leading"  polar  horn — its 
weakening  under  the  "  trailing  "  horn — the  weak  internal 
field — the  discrepancy  between  the  positions  of  the  induced 
poles  on  the  inner  and  the  outer  sides  of  the  ring,  can  be 
observed  in  an  actual  dynamo.  Fig.  65  shows  the  pattern 
produced  experimentally  in  iron  filings  by  placing  a  magnetized 
ring  between  the  poles  S  N  of  a  field-magnet,  which  would 
tend  to  induce  in  it  poles  n\  %\  and  giving  its  own  poles  w,  s 
the  proper  lead.  It  should  be  compared  with  Figs.  62  and 
64. 

In  the  case  of  drum-wound  armatures  the  phenomena, 
though  of  the  same  kind  as  with  ring  w  indings,  are  a  little 
less  easily  traced.  In  consequence  of  the  over-wi-apping  of 
the  windings  on  the  outi^ide  of  the  armature,  the  currents  in 
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8ome  of  the  windings  are  pai-tially  neutralized  in  their 
magnetizing  effect  on  the  cora  by  those  that  lie  across  them, 
and  consequently  the  polarity  due  to  the  cui-rent  is  not  so 
well  marked  as  with  ring  armatures.  Neilher  can  theie  be 
any  internal  field.  In  fact  di-um  nmiatures  are  less  liable  to 
induction  troubles  ofnll  kinds  than  aieriiig  armatui'es.  But 
with  these  exceptions,  the  same  considerations  apply  to  diuma 
as  to  rings. 

A  glance  at  Fig.  61  will  show  that  as  the  local  mi^etio 
fields  due  to  armature  currents  tend  to  cross  each  cf  the  gap- 
spaces  twice,  once  in  the  same  direction  as  the  principal  mag- 
netic  field,  and  once  in   an  opposing  dii-eeUon,  there  must 


Fia.  es.— Field  of  Tw»-pole  Dthauo. 
ineTitably  result  a  weakening  of  the  field  at  that  part  of  the 
gap  where  the  revolving  conductors  enter,  and  a  strengthening 
at  that  part  where  they  are  leaving,  exactly  as  though  the 
revolving  copperswept  the  magnetic  lines  round  while  cutting 
through  them.  From  this  distortion  there  results  a  similar 
distortion  upon  the  curve  of  induction.  On  exploring  with 
pilot-bi-ush  and  voltmeter,  one  obtains  curves  which  differ  fi-om 
those  obtained  where  there  is  no  current  in  the  armature. 
Fig.  66,  which  shows  the  form  of  the  distorted  curves,  should 
be  compared  with  Fig.  54,  p.  68. 

HeutrcH  Points. — From   the  earliest  time    that    dynamos 
have  been  used,  engineers  have  found  that,  in  order  that  the 
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sparking  may  be  a  minimum,  the  brushes  must  be  placed  in 
certain  positions,  to  be  found  by  trial,  called  the  neutral  foinct 
In  ordinary  two-pole  dynamos  the  two  neuti^al  points  lie  at 
opposite  ends  of  a  diameter,  which  diameter  is  therefore  called 
the  neutral  lir*^.  The  terra  diameter  of  commutation  ought  to 
be  reserved  to  denote  the  position  actually  occupied  by  the 
brushes,  or  by  the  coils  that  are  passing  the  brushes,  whether 
at  the  neutral  point  or  not.  Experience  shows  that  in  almost 
eveiy  case  the  neutral  line  is  not  midway  between  the  pole- 
tips,  but  lies  obliquely  across,  being  (in  a  generator)  shifted 
round  a  few  degrees  in  the  direction  of  rotation.     It  was 

early  found  that  in  many 
machines  the  exact  position 
of  the  neutral  point  was  dif- 
ferent according  to  the  work 
that  the  dynamo  was  doing. 
If  the  brushes  were  set  so  as 
not  to  spark  when  a  certain 
number  of  lamps  were  alight, 
then,  if  the  load  of  lamps  was 
altered  the  machine  sparked 
unless  the  brushes  were  ad- 
justed to  the  corresponding 
neuti-al  points.  Hence  arose 
the  practice  of  mounting  the 
brushes  on  rockers  (see  Plate 
III.),  by  means  of  which  their 
line  of  contact  could  be  altered  forward  or  backward  to  the 
neutral  point.  Great  attention  has  naturally  been  paid  by 
constructors  to  the  practical  problem  how  to  get  rid  of 
variations  in  the  angle  of  lead. 

Sparking  at  Commutator, — Under  conditions  of  faulty 
design  or  adjustment,  and  especially  when  a  large  current  is 
flowing  through  the  annature  of  dynamo  or  motor,  bright 
sparks  of  blue  or  green  tint  are  observed  at  the  com- 
mutator just  under  the  tips  of  the  brushes.  The  greenish 
hue  is  due  to  the  volatilization  of  minute  portions  of  copper. 
Severe  sparking  will  spoil  or  destroy  a  commutator  in  a  very 


Fig.  66. 
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short  time,  and  must  be  imperatively  avoided.  If  a  new 
commutator,  or  one  that  has  recently  had  its  surface  renewed 
in  the  lathe,  be  examined  after  spai^king  has  taken  place,  it 
will  be  noticed  that  the  edges  of  many  or  all  of  the  com* 
mutator  segments  will  appear  as  if  burned.  But  the  burnt 
appearance  will  always  be — no  matter  whether  in  generator 
or  motor — at  that  edge  of  the  segment  which  was  the  last  to 
touch  the  brush ;  the  advancing  edge  in  the  direction  of  the 
rotation  will  not  show  signs  of  burning.  This  proves  that  the 
spark  that  produces  the  damage  occurs  just  as  the  copper 
segment,  after  passing  under  the  brush,  parts  from  contact 
with  it.  The  cau%e  of  sparking  is  not  difficult  to  show.  All 
the  conductors  in  the  armature  have  their  currents  reversed 
and  re-reversed  at  every  revolution.  In  bipolar  machines  the 
reversal  occurs  twice  in  each  revolution.  In  multipolar 
machines  more  than  twice.  In  the  case  illustrated  in  Fig.  62 
the  current  flows  towards  the  spectator  in  all  the  conductors  as 
they  rise  on  the  left  side,  but  flows  from  the  spectator  in  them 
as  they  descend  on  the  right.  Reversal  occurs  at  the  moment 
when  the  conductor,  or  the  section  of  which  it  forms  part, 
passes  the  brush  or  undergoes  commutation.  The  production 
or  non-production  of  sparks  depends  on  the  conditions  under 
which  the  commutation  or  reversal  of  current  takes  place,  and 
is  a  consequence  of  the  property  of  self-indtiction — the  property 
in  virtue  of  which  (owing  to  the  current  in  a  conductor  setting 
up  a  magnetic  field  of  its  own  in  the  surrounding  space) 
it  is  impossible  instantaneously  to  start,  stop,  or  reverse  a 
current. 

Consider  the  standard  case  of  a  ring  armature  constructed 
in  sections,  each  section  consisting  of  one  or  two  turns  of 
conductor.  The  currents  will  be  reversed  successively  in  the 
separate  sections,  one  section  at  a  time,  as  they  come  up  to 
the  neutral  points  ;  or  rather  two  at  a  time  if  commutation 
goes  on  simultaneously  at  each  of  the  brushes.  Half  the 
current  flows  up  the  coils  on  the  left-hand  half  of  the  ring, 
and  the  other  half  of  the  current  flows  up  the  coils  on  the 
right-hand  half.  If  the  positive  brush  is  at  or  near  the  top,  as 
in  Fig  67,  the  cuirent  flows  from  left  to  right  through  the 
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sections  X  and  W  on  the  left  o£  the  brush,  and  from  right  to 
left  through  the  liections  T  and  U  on  the  right  of  the  brush. 

Now  aa  the  ai'matui'e  turns  the  bare  of  the  commutator  come 
successively  into  cojitact  with  the  brush.  In  Fig  67  the  bars 
e  and  d  have  already  paused  the  brush  ;  e  is  just  leaving  it, 
and /is  just  beginning  to  pass  under  it  For  a  brief  moment 
the  brush  rests  on  two  ndjaeent  bars  e  and/,  and  thus  short- 
circuits  the  section  V  for  an  instant.    The  duration  will 

\ 


obviously  depend  on  the  speed  of  rotation,  on  the  breadth  of 
the  insulating  gap  between  the  commutator  bars,  and  on  the 
breadth  of  the  contact  surface  of  the  brush.  Now  the  section 
V  a  moment  previously  belonged  to  the  left-liand  half  of  the 
ring,  and  when  it  has  passed  the  brush,  that  is  to  say,  when  t 
ceases  to  touch  the  brush,  it  will  belong  to  the  right-hand  half 
of  the  ring.  It  is  clear  then  that  in  the  act  of  passing  the 
brush  the  current  that  was  Bowing  in  the  section  V  will  be 
stopped,  and  then  started  again  in  the   opposite  direction 


Actions,  and  Reactions  in  the  Armature,      8i 

through  its  coils.     Every  section  of  the  armature  as  it  passes 
the  brush  will  similarly  be  transferred  from  one  half  of  the 
ring  to  the  other,  and  will  have  its  current  reversed.     This  is 
infact  the  act  of  commutation.  Now  suppose  it  were  arranged 
that  the  act  of  commutation  should  occur  exactly  at  the  point 
when  the  coils  of  the  section  are  not  cutting  any  magnetic 
lines  whatsoever :  so  that  while  the  coil  is  short-circuited  it 
shall   not   be  the  seat   of  any   induced   electromotive-force. 
Then  the  cuirent  in  it  will  die  out,  and  as  it  emerges  from 
under  the  brush  it  will  be  thi-own  as  a  perfectly  idle  coil  upon 
the  right-hand  half  of  the  ring,  in  which  a  current  is  flowing 
toward  the  brush.     Just  before  the  bar  e  parts  company  from 
the  brush,  the  cuiTent  coming  up  through  Tand  U  is  flowing 
through  e\jQ  the  brush  :  but  as  «  moves  awa}'^  this  current  has 
suddenly  to  go  also  round  the  coils   of  V.      But  because 
of  self-induction   the    current   cannot  instantly  rise   to  its 
full  strength  in  the  idle  coil  V,  hence  before  V  really  gets 
to   work,    the   current  sparks    across   between   e    and    the 
brush.     We  have  here   supposed  V  to  be   a  perfectly   idle 
coil :  now  supjjose  that  it  is  not  idle  but  is   actuall}^  still 
cutting  magnetic   lines,  as  would  be  the  case  if  the  brush, 
instead   of  being  shifted  forward   to   the  neutml  line  n  n\ 
had  been  given  a  backward  lead  further  to  the  left.     Then 
it  is  clear  that  during  the  moment  of  short-circuiting  there 
will  be  an  electromotive-force  acting  in  the  coil  as  it  passes 
the  brush.     Such  an  electromotive-force,  even  though  small, 
may  produce  momentarily  a  large  current,  because  the  short- 
circuited  resistance  is  so  small.     Hence  the  sparkling  will  be 
worse  than  if  the  coil  were   absolutely  idle.     Suppose  the 
section   of  coil   to  have   a  resistance  of   0-001    ohm,   and 
to  be   short-circuited  while   moving  in  such  a  fleld  as   to 
generate  6  volts,  the  current  would  rise  to  5000  amperes  in 
that  coil  I 

Now  suppose  that  the  brush  is  shifted  just  so  far  the  other 
way,  in  the  direction  of  the  rotation,^  that  as  the  coil  passes  the 

1  In  a  case  of  a  motor,  which  is  separately  considered  in  a  Chap.  XX. 
the  brashes  must  be  shifted  in  the  opposite  direction  to  the  rotation ; 
i.  e.  there  must  be  a  negative  lead. 
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brush  it  is  beginning  to  enter  the  fringe  of  the  magnetic  field 
on  the  right.  In  tliat  case  it  will  be  beginning  to  cut  the 
magnetic  lines  in  such  a  way  as  to  tend  to  set  up  a  current  in 
the  reverae  direction  through  it.  The  ideal  arrangement  is 
attained  if  the  brushes  be  shifted  just  so  far  beyond  the  point 
of  maximum  electromotive-force  that  while  the  sections  pass 
under  the  brush  and  are  short-circuited  they  should  actually 
have  a  small  reverse  electromotive-force  induced  in  them ; 
and  this  action  should  last  just  so  long  in  each  successive 
section  as  to  stop  the  cui'rent  that  was  circulating,  start  a 
current  in  an  opposite  direction,  and  let  it  grow  exactly  equal 
in  strength  to  that  which  is  circulating  in  the  other  half  of  the 
armature,  which  it  is  then  ready  to  join.  If  this  set  of  con- 
ditions could  be  attained  there  should  be  no  sparks.  A 
magnetic  field  of  the  proper  intensity  to  cause  revei'sal  in  the 
commuted  section  of  the  armature  can  usually  be  found  just 
outside  the  tip  of  the  pole-piece,  for  here  the  fringe  of 
magnetic  lines  presents  a  density  which  increases  very 
rapidly.  Since  a  more  intense  field  is  needed  to  reverse 
large  cun-ents  than  is  required  for  small  ones,  it  follows  that 
the  angle  of  lead  that  must '  be  given  to  the  brushes  will  be 
slightly  greater  for  large  currents  than  for  small  ones.  Time 
must  be  allowed  for  reversal,  hence  the  brushes  must  not  be 
so  thin  as  merely  to  bridge  the  width. of  the  insulation. 
Sparking  can  indeed  sometimes  be  cured  by  merely  using 
thicker  brushes  which  prolong  the  time  during  which  the 
section  is  shoi-t-circuited. 

If  the  brushes  are  too  thin,  or  are  not  rocked  sufficiently 
far  forward,  there  will  be  free  sparking.  If  they  are  shifted 
beyond  the  neutral  points,  the  sparking  is  in  geneittl  less. 
That  is  to  say  there  is  usually  much  sparking  when  the  lead 
is  too  little;  a  little  sparking  when  the  lead  is  too  great; 
and  no  sparking  when  the  lead  is  right.  When  the  lead  is 
greater  than  is  necessary  there  is  a  waste  of  energy  due  to 
the  generation  in  the  short-circuited  coil  of  a  larger  revei-se 
current  than  is  necessary.  Moreover,  as  the  lead  is  increased 
beyond  the  neutral  point,  all  the  coils  that  lie  in  the  region 
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between  the  neutral  point  and  the  diameter  of  comiuutation 
are  exerting  counter  electromotive-forces,  and  the  potential 
at  the  brushes  falls  from  its  maximum. 

If  in  any  dynamo  the  armature  cuiTent  is  very  great,  and 

the  field-magnet  very  weak,  it  may  happen  that  no  position 

can  be  found  for  the  brushes  in  which  the  intensity  of  the 

field  is  sufficient  to  reverse  the  current  in  the  section.     The 

greater  the  magnetic  distortion  the  weaker  will  be  the  field 

just  at  tna*^  vary  part    where  a  strong  field  is  needed  for 

sparkless  reversal.     Such  a  dynamo  will  spark   incurably. 

J*  is   evident  that  sparklessness  will  be  promoted  (1)  by 

dividing  up  the  armature  into  many  sections,  so  that  the 

reversals  of   the  currents   may  be   done  in  detail;  (2)  by 

Baaking  the  field-magnet  a  relatively  powerful  one ;  (3)  by 

so  shaping  the  pole  surfaces  as  to  give  a  suitable  fringe  of 

n^agnetio  field  of  sufficient  intensity  ;  (4)  by  choosing  brushes 

of  suitable  thickness,  and  keeping  their  contact  surfaces  well 

Wmmed.     (See  also  Chapter  XVI.  on  Dynamo  Design.) 

Beside  the   cause  of  ordinary  sparking  explained  above 
there  are  some  causes  of  an  exceptional  nature.     In  those 
dynamos  (chiefly  those  used  in  arc  lighting)  that  are  con- 
structed to  work  at  high  potentials  approaching  or  exceeding 
1000  volts,  there  sometimes  occurs  a  phenomenon  known  as 
"flashing-over."     A  long  blue  spark  will  on  a  sudden  altera- 
tion of  the  resistance  of  the  circuit  be  drawn  out  around 
the  circumference  of  the  commutator  from  brush  to  brush. 
This  spark,  which  is  more  of  the  nature  of   an  arc,  does 
little  harm  in  the  case   of  those   dynamos  which  are  con- 
structed with  commutators   of  few  parts  separated  by  air- 
gaps,  but  is  very  harmful  in  the  case  of  dynamos  having 
oommutators  of  the  ordinary  sort,  with  thin  mica  insulation 
between  the  bars ;  for  these  are  easily  short-circuited  by  the 
flash-over. 

Another  cause  of  sparking  is  want  of  symmetry  in  the 
winding  of  the  armature.  If  one  of  the  sections  is  short- 
circuited  by  any  accident,  or  has  become  disconnected  from 
its  neighbor,  sparking  will  result  at  that  part  of  the  com- 
mutator.     Jumping  of  the  brushes  when  the  collector  is 
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uutrue,  or  when  the  brush-holders  are  defective,  is  another 
prolific  cause  of  sparking. 

Formerly  the  fact  tliat  a  lead  must  be  given  to  the  brushes 
was  ascribed  to  a  sluggishness  in  the  demagnetization  of  the 
iron  of  the  armature,  but  this  view  is  apocryphal.  Indeed, 
the  reverse  is  probably  true ;  and,  until  further  experimental 
evidence  is  forthcoming,  it  will  be  assumed  that  the  alleged 
magnetic  lag  is  negligibly  small  in  its  effects.  For  further 
discussion  of  this,  see  some  experiments  which  were  described 
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Fig.  68. — ^Demaonetizing  Action  of  Abmatuke  Cubbent  of 

Gexebatob. 


in  Appendix  V.  of  the  thiid  edition  of  this  work.  The 
generation  of  eddy  cun*ents  in  any  part  of  the  revolving 
aimature  will  necessarily  be  accompanied  by  a  demagnetizing 
action,  and  will  also  affect  the  lead. 

Demagnetizing  Action  of  Armature. — If  in  a  dynamo 
there  is  a  forward  lead  given  to  the  brushes  for  the  purpose 
of  stopping  the  sparking,  there  at  once  results  another  re- 
action, namely,  the  production  of  an  actual  demagnetizing 
tendency  or  *'  back  magnetomotive-force."  Thai  the  arma- 
ture current  does  so  act  is  readily  demonstrated  by  con- 
sidering Fig.  68.  Here  the  field-magnet  and  armature  are 
represented  as  before,  but  the  brushes  have  been  given  a 
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forward  or  [Xisitive  lead ;  the  neutral  line  n  »'  lying  obliquely. 
The  cunents  are  flowing  toward  the  obeeiver  in  the  armature 
coDductors  on  the  left  of  the  neutral  line,  and  from  the 
observer  in  those  on  the  right  of  that  line.  Now  let  the  two 
lines  a  b  and  c  d  he  drawn  squarely  acroBs  the  aimature 
through  the  points  of  commutation  coiTcsponding  to  the  two 
''njshes.  These  lines  intersect  the  outline  of  the  nrmature  in 
four  points.  In  the  diagram  there  are  thirty-two  conductors 
spaced  out  around  the  coi-e  disk  of  the  armature;  and  as 
uii!)  armature  is   drum-wound,  the  end  coooections    of  the 


Fro.  69.  Tia.  70.— Conddctors  Gropped 

AcruAi.  Connections  at  end  op  into  Cross  Maqnetesinq  and 

Drom-wisdisob,  DEUAONETiziNn  Belts. 

conductors  will  probably  be  somewhat  like  those  shown  in 
Fig.  69,  where  each  conductor  is  connected  across  the  end 
by  a  double-curved  connector  to  the  conductor  that  is  next 
to  the  one  diametrically  opposite.'  Now  so  far  as  any 
m^;netizing  actions  are  concerned  it  does  not  matter  what 
the  end  connections  are,  provided  they  are  compatible  with 
the  flow  of  current  indicated  above  in  Fig.  68,  with  current 
advancing  along  the  sixteen  conductoi-a  on  the  left  of  n  n\ 
and  retreating  along  the  sixteen  on  the  right  of  n  n'.  Hence 
we  may  consider  them,  temporarily,  as  grouped  in  any 
way  that  will  assist  us  to  understand  their  action.     Suppose, 

I  For  modes  of  connecting  drum-windings,  see  Chapter  Kin. 
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then,  that  the  four  conductoi-s  from  29  to  82  are  joined 
across  the  ends  ^  to  the  four  from  13  to  16  (Fig.  70)  ;  and  let 
the  twelve  conductors  from  1  to  12  be  joined  across  to  the 
twelve  from  17  to  28.  Our  armature  windings  are  now 
distributed  into  two  belts,  one  horizontal  belt  of  twelve 
windings  which  tends  simply  to  crois-magiietize^  and  one 
vertical  belt  of  four  windings  which  tends  simply  to  de- 
magnetize; for  it  will  be  seen  that  the  direction  of  the  circu- 
lation around  the  vertical  belt  is  opposite  to  the  direction  of 
the  circulation  of  current  in  the  magnetizing  windings.  The 
breadth  of  the  belt  of  demagnetizing  windings  is  obviously 
proportional  to  the  angle  of  lead,  since  it  subtends  double 
that  angle.  If  the  armature  in  question  were  carrying  100 
amperes  then,  since  there  are  two  paths  through  the  arma- 
ture circuit  (pp.  62  and  71)  each  conductor  must  carry  50 
amperes.  Hence  the  number  of  cross-magnetizing  ampere- 
turns  is  50  X  12  =  600 ;  and  the  number  of  demagnetizing 
ampere-turns  is  50  x  4  =  200. 

Now  the  cross-magnetizing  action  which,  as  we  have  seen, 
distorts  the  field,  does  of  itself  slightly  diminish  the  flux  of 
magnetic  lines  that  crosses  the  armature  core  from  side  to 
side,  because  in  the  oblique  resultant  direction  of  the  mag- 
netization the  increased  flux  tends  to  produce  greater  satu- 
ration in  the  pole  corners.  For  other  researches  on  the 
effect  of  a  cross  magnetism  in  diminishing  the  magnetism  of 
the  core,  see  papers  by  Siemens*  and  Schiiltze^  in  Wiede- 
mann %  Annalen,  Schiiltze,  in  the  coui*se  of  twenty-four  ex- 
periments, found  that  the  cross-magnetization  of  an  iron  core 
always  diminished  the  longitudinal  magnetization.  More 
recent  experiments  on  these  effects  are  those  of  Frolich, 
Kennelly,*  and  Stromberg.^ 

In  a  Manchester  dynamo,  tested  by  Prof.  Ayrton,^  6846 

1  See  Swinburne  in  Journal  Inst,  Elec.  Engineers,  xv.  642,  1886. 

*  Werner  Siemens.     Wiedemann's  Annalen,  xiv.  p.  684,  1882. 
•Schttltze.    Wied,  Ann.,  xxiv.  p.  668,  1886.     See  also  Oberbeck, 

Habiliations-Schrift,  1878. 

*  Electrician,  xxv.  Ill,  1890. 

•  Centralblatt  fUr  Elektrotechnik,  1887,  p.  288. 

•  Joum,  Inst,  Electrical  Engineers,  xix.  175, 1890. 
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Ainpere-tunis  of  excitation  were  needed  when  no  lamps  were 
on,  and  10,000  when  the  machine  was  furnishing  its  full  out- 
put of  current;  of  the  additional  4154  ampere-turns,  1754 
wei-e  needed  to  compensate  for  the  lost  volts  (due  to  internal 
^^istance  and  lessened  permeability)  and  2400  to  compensate 
for  the  demagnetizing  effect  of  the  armature  current  with  the 
iJici-eased  lead  needed  to  prevent  sparking.     The  greater  the 
lead  given  to  the  brushes  in  a  dynamo  used  as  a  generator, 
the   greater  is  the  demagnetizing  effect  of  the  aimature  cur- 
rent.    In  motors  the  direction  of  the  armature  current  is 
opposite  to  that  in  the  dynamo  (that  is  to  say  is  against 
the  electromotive-force),  a  negative  or  backward  lead  has  to 
^  graven  to  the  brush  to  avoid  sparking — and   this  back- 
waril  lead  also  results  in  a  demagnetizing  tendency.     If  a 
^^ff^tive  lead  (i,  e.  a  displacement  from  the  neutral  line  in 
^^  opposite  direction  to  the  sense  of  the  rotation)  is  given 
^0  the  brushes  of  a  generator,  the  magnetizing  effect  of  the 
armature  currents  will  tend  to  assist  the  magnetization  of  the 
coi-e.    Drs.  J.  and  E.  Hopkinson  ^  have  shown  that  if  a  back- 
warf  lead  is  given,  a  generator  can  excite  itself  by  means  of 
the  armature  currents  only;  but  in  such  case  of  negative 
lead  there  was  a  destructive  amount  of  sparking.     The  de- 
magnetizing effect  is  of  course  proportional  to  the  number  of 
effective  ampere-turns  of  the  armature  circuit  that  surround 
the  magnetic  circuit,  and  therefore  to  the  actual  number  of 
ampere-turns  included,  as  we  have  seen,  in  a  belt  of  double 
the  angular  breadth  of  the  angle  of  lead.*     According  to 
Kapp  a  smaller  actual  number  of  compensating  turns  is  re- 
quired in  practice.    Several  expedients  have  been  proposed  to 
compensate  the  cross-magnetizing  tendency  of  the  armature 
currents,  and  so  obviate  the  variations  of  lead.    In  one  due  to 
Mather,*  a  small  bar  electromagnet  excited  by  the  armature 
current  is  placed  perpendicularly  between  the  pole-pieces. 

» PhU.  Trans.,  1886,  part  i.  p.  847.  ^ 

^  According  to  Peukert,  who,  however,doe8  not  specify  the  angle  of  lead, 
the  demagnetizing  effect  of  the  armature  current  iu  proportional  to  the 
1*8  power  of  the  armature  current.    See  CefitraJblatt  fur  Elektrotech' 
nOr,  ix,  484,  1887. 
'  See  La  Lumiire  ^Jlectrique,  xix.  404,  1885. 
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Swinburne  ^  has  discussed  the  advantages  of  various  similar 
arrangements  for  this  pui'pose.  Professor  E.  Thomson  pro- 
poses to  place  a  series  coil  on  a  movable  fi-ame  over  the 
armature  and  tilt  it  till  it  brings  back  the  neutral  point. 
These  devices,  together  with  the  recent  proposals  of  Rjan 
and  of  Sayers,  are  considered  in  Chapter  XVI.  on  Dynamo 
Design. 

The  interference  of  the  armature  with  the  magnetization 
of  field-magnets  may  also  be  studied  in  relation  to  the 
"  characteristic  "  curves  of  dynamo  machines  (see  Chap.  X.), 
which  are  used  to  show  the  rise  of  the  electromotive-force  of 
the  machine  in  relation  to  the  corresponding  strength  of  the 
current;  this  rise  being  proportional  to  the  magnetization 
through  the  armature.  Now  the  characteristics  of  nearly  all 
series-wound  dynamos  show  a  decided  tendency  to  turn 
down  after  attaining  a  maximum ;  and  in  some  machines,  for 
example  the  older  form  of  Brush  arc-light  dynamo  with  cast- 
iron  ring,  this  reaction  is  very  marked.  The  electromotive- 
force  diminishes,  tliougli  the  magnetizing  force  of  the  field- 
magnet  coils  goes  on  increasing.  The  effect  is  due  partly  to 
the  distortion  of  the  magnetism,  but  mostly  to  the  demag- 
netizing effect  as  the  lead  of  the  brushes  is  increased.  It  is 
at  least  significant  that  in  the  older  form  of  Brush  machine, 
where  the  reduction  of  electromotive-force  is  very  great, 
there  is  also  such  a  mass  of  iron  in  the  armature,  and  so 
variable  a  lead  at  the  brushes. 

The  questions  of  lead  of  brushes,  sparking,  and  field  nec- 
essary to  reverse  the  current  in  a  section  is  further  consid- 
ered in  Chapter  XVI.  in  relation  to  the  design  of  dynamos 
and  the  load  (or  ampere-turns)  which  an  armature  can 
carry. 

Dead  Turns, — Owing  to  the  various  reactions  that  depend 
upon  the  speed,  it  is  found  that  the  electromotive-force  of  a 
machine  excited  by  a  given  current  is  not  rigidly  propor- 
tional to  speed,  but  falls  off  somewhat  at  higher  speeds. 
The  machine  acts  as  though  some  of  its  revolutions  were  not 

1  Joum.  Inst,  Electrical  Engineers,  xix.  105, 1890. 
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effective.  The  name  dead-tunis  is  given  to  the  number  of 
revolutions  by  which  the  actual  speed  at  any  output  exceeds 
the  number  that  would  be  needed  for  strict  propoitionality. 

Spurious  Renstance. — There  is  yet  another  effect  which 
results  from  the  existence  of  self-induction  in  the  coils  of  the 
armature.  In  each  section  the  cunent  tends  to  go  on,  and  in 
fact  does  actually  go  on  for  a  brief  time  after  the  brush  has 
been  reached.  Then  the  energy  of  the  current  in  that  section 
is  wasted  in  heating  the  copper  wire  during  the  interval  when 
it  is  short-circuited  ;  and  as  it  passes  on,  energy  must  again 
be  spent  in  starting  a  current  in  it  in  the  invei'se  direction. 
All  these  reactions  are  of  coui*se  detrimental  to  the  output  of 
current  by  the  dynamo :  especially  the  loss  in  shoit-circuiting. 
It  has  been  shown  by  M.  Joubert  ^  that  the  loss  of  energy  due 
to  the  revei-sals  of  the  current  in  the  sections  of  a  ring  arma- 
ture is  equal  to  n  L  C  '/  4  per  second,  where  n  is  the  number  of 
revolutions  per  second,  L  the  coefficient  of  self-induction  for 
the  entire  ring,  and  C  the  armature  current.  Professors 
Ayrton  and  Peiry  vexy  aptly  pointed  out*  that  the  matter 
may  be  conveniently  expressed  in  another  way.  Since  the 
energy  per  second  conveyed  by  a  current  running  througli  a 
resistance  r  is  equal  to  r  C^  it  is  evident  that  the  eneigy  lost 
per-second  by  self-induction  is  the  same  as  if  there  were  an 
additional  i*esistance  in  the  armature  of  the  value  r  =  n  Lf  4. 
There  is,  therefore,  in  a  rotating  armature,  an  apparent  in- 
crease of  resistance  proportional  to  the  speed,  and  this 
apparent  increase,  due  to  self-induction,  cannot  be  got  rid  of 
by  subdividing  the  armature  into  a  larger  number  of  sections. 
It  can  be  diminished  by  using  more  iron  in  the  magnetic  cir- 
cuit, and  fewer  turns  of  wire  in  the  armature.  The  value  here 
assigned  depends  on  the  assumption  that  during  the  moment 
of  short<5ircuiting  the  current  in  the  section  simply  dies  out. 
If  it  is  stopped  and  reversed  by  the  introduction  of  a  counter 
electromotive-force,  as  it  ought  to  be,  the  value  will  be  less. 

I  Comptes  Rendus,  June  28,  1880,  January  9»  1882,  March  5,  1883 ;  and 
Vtlectricien,  April  1883. 
^Joum.  Soc.  Teleg,  Eng.  and  Electr..  xii.  No.  49.  1883. 
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The  existence  of  an  apparent  resistance  varying  with  the 
speed  was  fii-st  pointed  out  by  M.  Cabanellas.^ 

Eddy-CurrenU, — There  are  two  other  inductive  reactions 
in  the  armature  to  be  considered.  If  any  of  the  framework 
or  metal  supports  that  carry  the  armature  constitute  closed 
circuits  which  can  cut  the  magnetic  lines,  they  will  be  the  seat 
of  wasteful  parasitic  currents,  which  will  eddy  round  in  them, 
heating  them  and  absorbing  power.  In  the  ii*ou  of  tlie  arma- 
ture cores,  if  not  properly  laminated,  internal  eddy-currents 
(the  so-called  "  Foucault  currents  ")  may  be  set  up,  absorbing 
energy  and  producing  detrimental  heat ;  and  such  currents 
will  also  be  produced  within  the  conductors  which  form  the 
coil  of  the  armature,  if  these  are  massive  as  in  the  "  bar- 
armatures  "  used  for  machines  that  have  a  large  output  of 
current.  Frolich,  in  1880,^  pointed  out  the  effect  of  the 
presence  of  these  currents ;  and  to  them  he  attributed  not 
only  tlie  otherwise  unexplained  deficit  in  the  work  trans- 
mitted electrically  by  a  generator  to  a  motor,  but  also  the 
diminution  in  the  effective  magnetism  (mentioned  above  as  a 
result  of  cross-magnetism,  and  found  by  Frolich  to  amount  to 
25  per  cent,  of  the  whole)  observed  with  great  currents  and 
high  speeds ;  and  further  he  attributed  to  this  cause  the 
apparent  increase  in  the  numl>er  of  "  dead-turns "  at  high 
speeds.  Doubtless  such  currents  exist,  and  the  energy  they 
waste  will  be  nearly  proportional  to  the  square  of  tlie  speed :  ^ 
but  they  may  be  indefinitely  diminished  by  proper  lamina- 
tion, insulation,  and  disposition  of  the  structures  of  the 
armature. 

La7ninat{on,-r-The  rules  for  the  proper  lamination  of 
structure  are  different  in  the  different  parts  ;  for  in  the  arma- 
ture core  it  is  desired  to  cut  off  all  circulation  of  current  that 

1  Comptes  RenduSy  January  9,  1882,  and  Nov.  24,  1884 ;  see  also  Picou, 
Manuel  cT^Jlectroni^trie,  p.  123  ;  and  Lodge  in  Electrician,  July  31,  1885. 

2  Berlin  Academy,  Berichte,  Nov.  18,  1880  ;  and  Elektrotechnische 
Zeitschrift,  i.  174,  May  1881 ;  also  ix.  Nov.  and  Dec.  1888. 

»  Clausius  has  introduced  into  his  equations  {Wied,  Ann,^  xx.  354, 1883; 
and  Phil,  Mag,  series  5,  xvii.  46  and  119, 1883)temi8  to  include  the  effects 
of  the  eddy-currents.  They  have  also  been  theoretically  treated  by  H. 
Lorberg  (Tried.  Ann,,  xx.  389,  1887). 
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might  be  induced  parallel  to  the  armature  eonductora ;  and  in 
the  armature  conductors  it  is  desired  to  cut  off  all  flow  of 
current  from  one  side  or  edge  of  the  conductor  to  the  other. 
The  planes  of  lamination  must  of  course  be  aiTanged  to  cut 
right  aci*oss  the  direction  in  which  the  paitisitic  current  might 
otherwise  flow.  Now  since  (see  p.  23)  the  direction  of  the 
induced  electromotive-force,  the  direction  of  the  motion,  and 
the  direction  of  the  magnetic  lines  are  all  three  at  right 
angles  to  one  another,  it  suffices  in  each  case  to  describe  the 
plane  of  lamination,  by  stating  to  which  of  these  three  direc- 
tions it  must  be  normal.  It  will  then  contain,  or  be  parallel 
to,  the  other  two  directions. 


Direction  of  Lamination  Planes. 

Direction  of 

In  Annature 
Cores. 

In  Annature 
Conductors. 

In  Polar 
Masses. 

Motion 

parallel 
parallel 
normal 

normal 
parallel 
parallel 

parallel 
parallel 
normal 

Magnetic  Tiines 

Induced  Electromotive-force. . 

It  will  be  noticed  that  the  lamination  for  tlie  polar  masses 
is  tlie  same  as  for  the  core ;  so  that  the  polar  masses  are 
virtually  continuations  of  the  core-disks. 

The  necessity  for  dividing  the  cores  of  drum  armatures 
and  of  ring  armatures  (if  cylindiical,  not  discoidal)  into  core- 
disks,  may  be  illustmted  as  follows  : — In  any  conductor  rising 
in  the  left-hand  gap-space  there  will  be  generated  an  electro- 
motive-force tending  from  back  to  front.  Hence  if  the  core 
were  of  solid  iron,  a  cuiTcnt  would  flow  forwards  along  the 
outer  part  of  the  core  on  the  left,  and  back  along  the  outer 
surface  on  the  right.  Division  of  the  core  into  disks  will 
obviously  minimize  such  currents.  It  will  not,  however, 
entirely  eliminate  them,  for  as  Fig.  71  shows  in  the  sectional 
view  of  the  core-disks,  it  is  possible  for  eddy-currents  to 
flow  in  the  substance  of  these.  As  a  matter  of  fact  it  is 
found  that  if  they  are  too  thick,  or  are  not  properly 
insulated  from  one  another,  they  heat:  and  the  heating  is 


92  Dynamo-Electric  Machinery. 

mainly  at  the  outer  surface,  where  the  eddies  are  Etrongest. 
As  a  general  rule  it  may  be  said  that  Cd'e-disks  should  not 
exceed  2  millimetres  in  thickness.  The  same  thickness  is 
suitable  for  the  ribbon  coies  of  discoidal  rings.  The  new 
laminated  armature  of  the  Brush  ei-c-light  machine,  when 
used  in  place  of  the  old  solid  armature,  was  found  to  diminish 
greatly  the  number  of  "dead  turns,"  besides  saving  much 
energy  previously  lost  in  heating.  If  there  is  a  stray  mag- 
netic Held  leaking  from  the  flanks  of  the  polar  masses  into 
the  flat  surface  of  tlie  end-disks  of  the  core,  eddy-currents 


Fia.  71.— Eddt-cubre-nts  is  Core-Disks. 


will  also  be  set  up  in  the  latter.  This  can  be  obviated  by 
making  the  length  of  tlie  armature  core  rather  gi-eater  than 
the  length  of  the  polar  masses  pamllel  to  the  axis. 

With  ring  armatures  that  have  an  internal  field  (see  p.  71) 
similar  eddies  will  be  set  up  in  the  driving  spindle  and  in 
the  metal  arms  that  support  tlie  core,  wasting  power  and 
heating  them, 

Eddy-currents  in  Pole-pieces. — If  the  masses  of  iron  in  the 
armature  are  so  disposed  that  as  it  rotates,  the  distributioji  of 
the  lines  of  force  in  the  narrow  field  between  the  armature 
and  the  pole-piece  is  being  continually  altered,  then,  evesi 
though  the  total  amount  of  magnetism  of  the  field-magnet 
remains  unchanged,  eddy-curients  will  be  set  up  in  the  pole- 
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piece  and  will  heat  it.  This  is  shown  by  Figs  72  to  77,  which 
represent  the  effect  of  a  projecting  tooth,  such  as  that  of  a 
Pacihotti  ring,  in  changing  the  distribution  of  the  magnetism 
of  the  pole-piece.  Figs  75  and  76  (corresponding  respectively 
to  Figs.  78  and  74)  show  the  eddy-currents  grouped  in  paire 


Fig.  72.  Fio.  73  Fio.  74. 

Alteration  of  Maonetic  Field  due  to  MovEMEsn*  of  Mass  of  Iron 

IN  Armature. 


Fio.  75  Fio  76.  Fio.  77. 

fiSnCIT-CUREJENTS   INDUCED  IN  POLE-PIECES  BY  MOVEMENT  OF  MABHES 

OF  Iron. 

of  vortices.  The  strongest  current  flows  between  the  vortices, 
and  is  situated  just  below  the  projecting  tooth,  where  the 
magnetism  is  most  intense ;  it  moves  onward  following  the 
tooth.  Fig.  77  shows  what  occurs  during  the  final  retreat  of 
the  tooth  from  the  pole-piece.     These  eddy-cun*ents  penetrate 
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into  the  interior  of  the  iron,  although  to  no  great  depth. 
Clearly  the  greatest  amount  of  such  eddy-currents  will  be 
generated  at  that  part  of  the  pole-piece  where  the  magnetic 
perturbations  are  greatest  and  most  sudden.  A  glance  at 
Figs.  62, 65,  76  and  77  will  at  once  tell  us  that  this  should  be 
at  the  "  leading  "  corner  or  "  horn  "  of  the  pole-piece  of  the 
genemting  dynamo.  As  a  matter  of  fact,  when  any  dynamo 
which  has  horned  pole-pieces  (such  as  the  Grramme)  has  been 
running  for  some  time  as  a  genemtor,  this  is  found  to  be  the 
case.  The  "  leading  "  horns  a  and  c  (i.  e.  those  which  point  in 
the  direction  of  the  rotation)  are  found  to  be  hot,  whilst  the 
"  trailing  "  horns  are  found  to  be  compamtively  cool.  When 
the  dynamo  is  used  as  a  motor,  the  reverse  is  found  to  be 
the  case :  the  "  leading  "  horns  are  cool,  the  "  trailing  "  horns 
are  hot.  A  reference  to  the  magnetic  field  of  the  motor,  as 
described  in  Chap.  XX.,  will  explain  the  latter  case.  Closely 
connected  with  this  effect  is  another,  first  pointed  out  to  the 
author  by  M.  Cabanellas.  A  Gramme  magneto-machine  with 
permanent  magnets  is  observed  to  lose  power  during  its  use 
as  a  motor;  the  field-magnets  decrease  in  strength.  If,  then, 
it  is  used  as  a  generator,  the  field-magnets  retain  their  mag- 
netism. The  effect  is  explicable  ^  when  the  magnetizing  effect 
of  the  eddy-currents  is  taken  into  considemtion. 

Remedy  for  Induction  Troubles. — The  one  important  way 
of  diminishing  these  deleterious  reactions  is  happil}'^  a  very 
simple  one.  It  is  clear  tliat  the  demagnetizing  effect  is  due 
to  the  lead  of  the  brushes,  and  this  again  is  due  to  the  cross- 
magnetizing  action.  This  therefore  must  be  compensated  or 
reduced  to  a  minimum  by  some  means.  It  has  been  shown 
that  the  electromotive-force  of  the  dynamo  is  proportional  to 
three  things,  the  number  n  of  revolutions  per  second,  the  total 
number  N  ^^  magnetic  lines  in  the  effective  field,  and  the 
number  Z  of  conductors  around  the  armature.  Now,  for  a 
given  size  of  armature,  the  inductive  reactions  are  propor- 
tional to  Z.  If  we  can  decrease  Z  while  increasing  either  of 
the  other  terms,  we  may  thereby  decrease  the  deleterious 

'  See  remarks  by  the  author  at  l^e  International  Conference  of  Elec- 
tricians at  Philadelphia,  1QS4  {reported  in  Electrical  Review,  Dec.  18, 1884). 
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reactions  and  yet  keep  the  same  electromotiTe-foree  as  before. 
Now,  it  is  inconvenient  for  mechanial  reasons  to  increase  the 
speed.  The  only  way  then  is  to  increase  Nv  the  magnetic 
flux.  '  This  can  be  done  by  having  relatively  big  field-magnets. 
If  the  field-magnets  are  large  and  of  wrought  ii*on,  and  if 
there  10  a  sufficiently  large  cross-section  of  iron  in  the  arma* 
tui-e  oore,  then,  without  incteasing  the  speed,  we  may  get  the 
samo  electromotive-force  while  using  fewer  turns  of  wire  on 
the  armature.  The  ideal  dynamo  for  constant  pressure  work 
has  but  one  turn  of  wire  to  each  section.  It  will  have  pmc- 
tically  no  lead  at  the  brushes,  will  not  spark,  and  its  internal 
resistance  will  be  practically  nil. 

It  is  also  important  to  observe  the  distortion  of  the 
magnetic  field  and  some  of  the  resulting  troubles  can  be 
partially  obviated  by  so  shaping  the  polar  surfaces  that  they 
come  nearer  to  the  armature  at  the  region  at  right  angles  to 
the  diameter  of  commutation  ;  the  pole-pieces  being  cut  away 
so  as  to  give  a  wider  clearance  at  the  outer  edges.  It  is  ob- 
viously possible  by  proper  shaping  to  produce  concentration 
of  the  magnetic  lines  at  any  desired  region  of  the  magnetic 
field.  Ryan  ^  has  made  a  special  study  of  the  relation  between 
the  polar  shape,  the  breadth  of  the  gap-space,  and  the  results 
ing  curve  of  induced  electromotive-force.  These  matters  also 
are  discussed  in  Chapter  XVI.  under  the  heading  of  Dynamo 
Design. 

1  Amer.  Inst  Electrical  Engineers,  Sept.  22,  IBOl. 
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CHAPTER  V. 

MECHANICAL  ACTIONS  AND  REACTIONS  IN  THE  ARMATITBB. 

Drag  on  Armature  Conductors, — Whenever  a  conductor 
carrying  an  electric  current  lies  in  a  magnetic  field  across  the 
magnetic  lines,  it  experiences  a  mechanical  force.  This  force 
always  tends  to  drag  the  conductor  sideways  out  of  the  field, 
and  acts  in  a  direction  at  right  angles  to  the  magnetic  lines 
and  at  light  angles  to  the  conductor  itself.  Rules  for  remem- 
bering the  relation  between  the  directions  of  the  magnetic 
lines,  the  current,  and  the  resulting  force,  have  been  given  by 
various  writei-s.  The  most  convenient  rule  is  that  of  Fleming, 
in  which  the  three  directions  are  represented  respectively  by 
the  fore-finger,  the  middle-finger,  and  the  thumb  of  the  left 
hand.^  Except  in  those  cases  where  the  conductoi-s  are 
embedded  in  slots  or  holes  in  the  iron  core-disks,  the  di-ag 
comes  on  the  conductor  itself.  Ii>  a  motor  it  is  this  drag  on 
the  conductors  which  drives  the  armature.  In  a  dynamo  the 
drag  acts  against  the  driving  power  of  the  steam-engine  and 
opposes  the  rotiition.  When  a  mechanical  engineer  first 
considers  a  dynamo  he  is  often  puzzled  to  understand  what 
there  is  in  it  that  necessitates  so  much  driving  power.  He 
sees  the  armature  revolving  with  ample  clearance  between  the 
polar  faces  of  the  field-magnet.     The  friction  of  the  bearings 

*  Contrast  with  p.  23,  where,  for  the  current  generated  in  a  dynamo  the 
right  hand  is  used.  Remember  that  in  a  dynamo  the  direction  of  the 
current  agrees  with  that  of  the  induced  electromotive-force,  whereas  in 
a  motor  the  current  flows  against  the  induced  electromotive-force. 
Further,  in  the  dynamo  the  mechanical  drag  acts  against  the  direction 
of  motion,  whereas  in  a  motor  the  drag  produces  the  motion  in  the  same 
directon  as  itself.  Hence  the  use  of  right  hand  for  dynamo,  left  hand 
for  motor,  to  give  the  relation  between  magnetism,  current  and  motion. 
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does  not  absorb  more  than 
a  minute  fraction  of  the 
horse-power  delivei-ed  by 
tlie  engine.     He  sees   the 


brushes 


Ming 


the  commutator,  but  knows 
that  tlieir  friction  is  also  a 
negligible  quantity;  more- 
over, lie  is  soon  informed 
that  friction  has  nothing  to 
do  with  the  opemtion  of  the 
machine.  Where  does  the 
power  go  to?  Wliat  is  it 
tliat  requires  such  a  foi-ce 
to  be  continually  exerted 
to  keep  up  the  rotation? 
Tlie  answer  is,  that  there  is 
a  continual  drag  of  the  in- 
visible magnetic  lines  on 
tlie  conductors  tlirough 
which  the  current  is  flow- 
ing ;  that  the  generation  of 
tlie  current  depends  on  the 
conductoi-s  being  forced 
across  the  field  that  drags 
at  it.  In  every  form  of  S 
apparatus  genei-ating  cur- 
rents by  m^neto-electric 
induction,  the  currents 
generated  produce  a  me- 
chanical reaction  tending  to 
stop  the  very  motion  that 
generates  them. 

The  dmg  of  a  mag- 
netic field  upon  a  conduc- 
tor that  cariies  a  current 
may  be  considered  from 
the  magnetic  point  of  view. 


Flo.  78. — MAON'Ernc  Field  Or  a 

SnmOHT  CONDUCTOE  CAJtBTUia 

aCubrent. 


Fio.  79.— Maqnetic  Lines  dub  to 

COND0CTOK  CABRYINQ  CURRENT 

PLACED  IS  Magnetic  Field, 
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As  pointed  out  on  p.  27,  above,  such  a  conductor  is  sarrounded 
by  a  whirl  of  magnetic  lines.  Around  a  long  straight  con- 
ducting wii-e  not  placed  in  any  magnetic  field,  these  m^netic 
lines  form  a  system  of  concentric  circles  (see  Fig,  13,  p.  27) 
which  are  close  together  near  the  conductor,  and  wider  apart 
St  a  distance  away,  resembling  Fig.  78  in  genei-al  disposition. 
If  the  current  is  coming  towards  the  observer,  or  %p,  in 
the  figure  which  shows  a  cross-section  of  the  conductor,  the 
positive  direction  along  the  magnetic  lines  will  be  counter- 
dock-wise.    If  now  such  a  conductor  be  placed  in  a  uniform 


magnetic  field— one,  for  example,  between  a  large  north 
magnetic  pole  on  tlie  right  and  a  south  magnetic  pole  on  the 
left,  a  compound  field  will  be  produced,  due  to  the  blending 
of  the  magnetic  lines  of  the  current  with  those  of  the  field. 
In  considering  this  distorted  mimetic  field  it  should  be 
remembered  that  the  mechanical  actions  that  result  iuay 
always  be  known  by  supposing  the  magnetic  lines  to  act  as 
elastic  cords  tending  to  shorten  themselves.  There  is  in  fact 
a  tension  along  the  magnetic  lines  and  a  pressure  at  right 
angles   to  them,  both  proportional    at  every  point  to  the 
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square  of  their  density.  A  mere  inspection  of  the  lines  of 
Fig.  79  will  accordingly  show  that  there  will  be  a  resultant 
drag  upon  the  conductor  in  the  direction  shown  by  the  dotted 
arrow. 

The  actual  magnetic  field  produced  around  a  conducting 
wire  in  a  gap  between  two  poles,  as  revealed  hy  iron  filings, 
is  shown  in  Fig.  80.  We  may  consider  this  as  approximately 
representing  that  which  goes  on  in  a  dynamo,  or  in  a  motor, 
in  each  of  the  gap-spaces  between  the  aiinature  core  and  the 
adjacent  polar  space.  Each  conductor  in  the  gap  will  be 
similarly  dragged  by  a  force  proportional  to  the  intensity  of 
the  magnetic  field  and  to  the  strength 
of  the  current. 

EffttA    of    Embedding    ArmtUure 
Covductor». — If  the    conductors  are 
embedded  in  slots  or  holes  in  the 
corenlisks  (see  Figs.  21S  to  217)  the 
drag  then  comes  not  upon  the  copper 
conductors,  but  upon  the  iron ;  the 
magnetic  field  between  the  coi-e-disk 
and  the  pole-faces  being  distorted  by 
the   current  in    the    imbedded  con- 
ductors.   In  fact  the  conductor  no 
longer  Ilea  in  a  strong  mimetic  field ; 
the  mimetic  lines  being  carried  past 
it  on  either  side,  very  few  going  through  it.     Fig,  81  may 
assist  the  understanding  of  this  point.    It  seems  paradoxical 
that  though  the  conductor  so  imbedded  is  protected  from 
mechanical  drag,  and  from  eddy-currents,  owing  to  its  not 
being  in  the  field,  nevertheless  in  ita  revolution  it  still  cuts 
all  the  rai^netic  lines  precisely  as  if  it  were  not  protected. 
The  effect  is  as  though  the  magnetic  lines  flashed  across  the 
slots  from  tooth  to  tooth,  instead  of  passing  across  the  inter- 
mediate slot  at  the  ordinary  angular  velocity.     In  addition 
to  the  advantages  already  mentioned  as  possessed  by  these 
forms  of  construction  they  have  also  the  very  important  one 
of  reducing  the  breadth  of  the  magnetic  gap  to  a  mete 
clearance. 
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Torque  and  Speed. — Engineers  recognize  that  power,  being 
the  rate  of  doing  work,  can  always  be  expressed  as  tlie 
product  of  two  factors.  In  the  case  of  rectilinear  motion, 
the  power  may  be  expressed  as  the  product  of  force  and 
speed.  For  example,  if  the  force  pulling  along  a  belt  ^  be 
equal  to  the  weight  of  66  lbs.,  and  the  belt^peed  be  2000 
feet  per  minute,  the  amount  of  power  it  is  delivering  is 
132,000  foot-pounds  per  minute,  or  4  horse-power. 

But  the  power  may  be  equally  well  expressed  in  terms  of 
angular  force  (f.  e.  torque)  and  angular  speed ;  and  these 
quantities  are  more  convenient  in  the  case  of  power  trans- 
mitted along  a  rotating  shaft. 

The  useful  term  torque^  now  generally  accepted  by  engineera, 
was  originally  suggested  by  the  late  Professor  James  Thomson. 
It  is  the  same  thing  as  that  which  has  gone  by  the  names  of  ' '  turn- 
ing moment,"  **  moment  of  couple,"  **  axial  couple,"  *' angular 
force,"  '^  axial  force,"  in  Grerman  by  that  of  '*  Zugkraft,"  and  in 
French  by  those  of  **  effort  statique,"  and  *'  couple  m^canique." 
Torque  is  preferable  in  many  ways  to  any  of  the  older  terms.  Just 
as  the  Newtonian  definition  oi  force  is  that  which  produces  or  tends 
to  produce  motion  (along  a  line),  so  torque  may  be  defined  as  that 
which  produces  or  tends  to  produce  torsion  (around  an  axis).  It 
is  better  to  use  a  term  which  treats  this  action  as  a  single  definite 
entity  than  to  use  terms  like  ''couple"  and  "moment,"  which 
suggest  more  complex  ideas.  The  single  notion  of  a  twist  applied 
to  turn  a  shaft  is  better  than  the  more  complex  notion  of  applying 
a  linear  force  (or  a  pair  of  forces)  with  a  certain  leverage 

For  torque  we  shall  use  the  symbol  T.  If  force  /  acts 
with  leverage  (f.  e.  radius)  r,  the  torque  is  equal  to/  X  r. 
If  the  force  is  in  pounds'  weight  and  radius  in  feet,  the 
torque  will  be  expressed  in  pound-feet ;  L  e.  in  terms  of  the 
number  of  pounds  which,  acting  with  a  leverage  of  one  foot, 
would  produce  an  equal  tendency  to  turn.  If  force  is  given 
in  dynes  and  radius  in  centimetres,  the  torque  will  be 
expressed  in  dyne-centimetres. 

^  Or  more  precisely,  the  difference  between  the  forces  in  the  tight  and 
slack  parts. 
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In  order  to  bring — 

dyne-oeutimetres  to  gramme-centimetree,  divide  by  961 
dyne-oenti  metres  to  metre-kilogremmee,   divide  by  981  X  ^^ 
dyDe-centimetres  to  pound-feet,  divide  by  18'56  X  ^^ 

poand-feet  to  metre-kilogrammes,   divide  by  7-23. 

Angular  speed  is  commonly  expressed  by  engineers  in 
teims  of  the  number  of  revolutions  per  minute,  or,  sometimes, 
of  revolutions  per  second.  The  scientific  mode  is  to  express 
it  in  radians  per  second.  (The  radian  is  that  angle  wliose  arc 
equals  the  mdius  ;  so  that  2  r  radians  equal  one  revolution  or 
360°.)  The  symbol  for  angular  speed  is  w,  so  that  if  n  repre 
sents  the  revolutions  per  second,  a*  =  2  :r  n. 

In  order  to  bring : — 

revolutions  per  minute  to  revolutions  per  seoond,  divide  by  60 

revolutions  per  second  to  radians  per  second,         multiply  by  2  •■ 

revolutions  per  minute  to  radians  iter  second,         divide  by  9-55 

radians  per  second  to  revolutions  per  minute  multiply  by  9-55 

We  have  then  the  following  relations  between  linear 
force/,  linear  speed  y,  torque  T,  angular  velocity  w,  radius  r, 
revolutions  per  second  n,  and  power  w. 

w=:t;./= -./r  =  aiT=2  rnT. 

r 

The  power  tv  will  be  expressed  in  ergs  per  second,  if  t;  is 

■  

S^ven  in  centimetres  per  second  and  /  in  dynes ;  or  if  T  is 

■  _ 

P^en  in  dyne-centimetres.     If  T  is  in  pound-feet,  w  will  be 
^^pressed  in  foot-pounds  per  second. 

In  order  to  bring  : 

^rgB  per  second  to  watts,  divide  by  It 

Qrgfi  per  second  to  kilogramme-metres  per  second,  divide  by  9*81  X  lO' 

ergs  per  second  to  foot-pounds  per  second,  divide  by  1*356  X  ^^ 

eigs  per  second  to  horse-power,  divide  by  746  X  ^^ 

watts  to  horse-power,  divide  by  746 

watts  to  chevaux-vapeur,  divide  by  736 

watts  to  foot-pounds  per  second,  divide  by  1-356 

watts  to  kilowatts,  divide  by  1000 

kilowatts  to  horse-power.  multiply  by  1-845 
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Output  of  DynamoB  and  Motors, — A  good  dynamo  will 
convert  over  90  per  cent,  of  the  mechanical  power  supplied 
to  it  into  electric  power.  Similarly  a  good  motor  will  con- 
vert over  90  per  cent,  of  the  electric  power  supplied  to  it 
into  mechanical  power.  Both  mechanical  power  and  electric 
power  may  be  expressed  in  terms  of  the  same  units,  either  in 
horBe-power^  or  in  watts^  or  in  kilowatts. 

Approximate  calculations  of  the  horse-power  required  for 
a  dynamo  of  any  prescribed  output  are  readily  made.  Multi- 
plying the  number  of  amperes  C  of  current  which  the  dynamo 
is  to  yield,  by  the  number  of  volts  e  of  pressure  at  which  the 
current  is  supplied,  gives  the  output  in  watts.  Dividing  by 
746  gives  the  con*esponding  electric  horae-power,  which  will 
be  about  90  per  cent,  of  the  mechanical  horse-power  to  be 
supplied  to  the  sliaft  of  the  dynamo. 

Example :  A  dynamo  is  required  to  furnish  300  amperes  (to  light 
600  glow  lamps)  at  a  pressure  of  105  volts.  Output  is  31, 500  watts 
—  42*2  horse-power  (electrical).  Therefore,  allow  46*9,  or  say  50 
(mechanical)  horse-power. 

In  the  converse  way  we  may  calculate  the  requisite  supply 
of  electric  power  to  a  motor. 

Example :  A  motor  is  required  to  give  an  actual  output  of  5  horse- 
power. Multiplying  by  746,  we  find  it  must  give  out  3730  watts  as 
mechanical  power  ;  which  will  be  about  90  per  cent,  of  the  elec- 
trical power  supplied  to  it.  This  will  therefore  need  to  be  about  4144 
watts.  If  the  supply  is  from  mains  that  are  at  a  pressure  of  200 
volts,  the  current  required  will  consequently  be  a  little  over  21 
amperes. 

Itelatio7i  between  Torque  and  Current, — Since  the  electric 
power  given  out  by  the  armature  of  a  dynamo  is  the  product 
of  two  factors — volts  and  amperes — and  tlie  mechanical 
power  supplied  to  it  by  the  rotating  shaft  is  also  the  product 
of  two  factors — ^speed  and  torque — it  becomesi  a  matter  of 
some  interest  to  ascertain  whether  there  is  any  direct  relation 
between  the  factors  themselves.  Let  E  stand  for  the  volts 
generated  in  the  armature,  and  Co  for  the  amperes  flowing 
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thi-ough  it.  We  may  then  equate  the  two  separate  ex- 
pressions for  the  number  of  watts  of  power  supplied  to  and 
famished  by  that  armature  as  follows  : — 

watts=  E  Ca=  2  JT  n  T  x  1  •  856 ; 

where  T  is  given  in  pound-feet ;  n  in  revolutions  per  second : 
E  the  whole  volts  generated  by  the  armature ;  and  C^  = 
whole  amperes  flowing  through  the  armature.  But  E  is  pro- 
portional to  the  speed  if  the  magnetism  is  constant,  the 
fundamental  expression  for  it  b«ing  (see  pp.  46  and  170)  for 
an  ordinary  two-pole  machine, 

E  =  nZ  N  -5-108; 

where  Z  is  the  number  of  conductors  around  the  armature, 
and  W  the  magnetic  flux  through  its  core.  Inserting  this 
"value  for  E,  and  cancelling  n  from  both  sides,  we  get: 


Z  N  C,  ^    ^ 

=  JtT; 


1-356  X  108 


whence 


Z  N  C„ 

—  =  T  ♦  in  pound-feet)  .1 


8-52  xlO® 


Prom  this  it  appeai-s  that  if  in  a  given  machine  the  mag- 
netism is  constant,  the  torque  depends  in  no  wise  upon  the 
speed,  but  only  upon  the  current  flowing  through  the  arma- 
ture, and  on  the  magnetism. 

These  expressions  apply  equally  to  dynamos  and  to 
motors.  They  show  that  if  it  is  desired  to  build  slow-speed 
machines  provision  must  be  made  for  a  very  large  magnetic 
flux ;  for  only  by  making  \\  large  can  the  dynamo  at  slow 
speed  yield  the  requisite  volts,  or  tlie  motor  exert  the  needful 
torque. 
A  number  of  curves,  called  mechanical  characteristics^  giving 

>  If  T  is  desired  in  metre-kilogrammes,  tlie  divisor  on  the  left  must  be 
replaced  by  the  value  61-5  X  lO^. 
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the  relations  between  speed  and  torque  in  a  number  of  differ- 
ent cases,  will  be  found  in  Chapter  XX. 

Drag  on  Armature  Conductors, — We  are  now  in  a  position 
to  understand  the  drag  on  the  armature.  Setting  aside  for 
the  moment  the  case  of  embedded  conductors,  we  may  at 
once  proceed  to  calculate  the  amount  'of  such  di-ag.  There 
are  three  methods  of  doing  this :  two  being  electrical  and  one 
a  purely  mechanical  calculation. 

Method  I. — By  the  last  formula  the  torque  is  calculated; 
and  from  this  the  total  peripheral  force  is  found  by  dividing 
by  the  known  i*adius  of  the  armature.  Hence  the  force 
per  conductor  is  obtained  by  dividing  the  number  of  active 
conductors. 

Example  in  the  Edison  Hopkinson  dynamo  (Fig.  287),  Ca  =  326  ; 
Z  =  80  ;  N  =  10,850,000  ;  radius  =  0*458  feet ;  whence  T  =  332 
pound-feet,  and  total  peripheral  force  =  724-7  lbs.  This  would 
give  about  9  lbs.  average  force  per  conductor  if  all  were  active  ; 
but  only  about  58  of  them  are  in  the  magnetic  field  at  one  time  ; 
hence,  the  average  force  per  conductor  is  about  121  lbs..  If  the 
magnetic  field  in  the  gap-spaces  is  not  uniform  there  comes  a 
stronger  drag  on  those  conductors  which  lie  in  the  densest  field. 

Method  II. — The  dmg  on  a  conductor  of  length  Z,  in  a 
magnetic  field  of  intensity  H»  carrying  current  of  Camperes,  is 

/  (dynes)  =  CIY\-^1Q. 

This  formula  ^  is  only  applicable  if  Hi  the  density  of  the  field 
in  the  gap-space,  is  known.  If  I"  and  H//  ^^^  given  in  inch 
measures  (see  p.  126),  the  formula  becomes 

/(lbs.)  =  C  r  H/,  -^  11,303,000. 

« 

Example^  as  before  :  Current  in  any  one  conductor  will  be  \  Ca 
=  163  amperes  ;  I"  —  20",  and  W„  =  about  43,300  lines  per  square 
inch,  the  area  of  the  gap-space  being  about  250  square  inches. 
Whence  drag  on  each  conductor  =  12*49  lbs. 

1  To  give/ in  kilogrammes,  the  divisor  10  must  be  replaced  by  9,810,000. 
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Method  III. — Ascertain  actual  horse-power  on  armature ; 
multiply  by  33,000  to  reduce  to  foot-pounds  per  minute,  and 
divide  by  the  peripheral  speed  (in  feet  per  minute).  [The 
horse-power  may  be  reckoned  from  the  electrical  output  as 
on  p.  102].  Then  divide  by  the  number  of  active  conductors. 
Or,  in  symbols, 

.,,,                    ,                    ,     ,    ^        H.  P.  X  33,000 
/(lbs.  average  drai?  per  conductor)  =  ^ : — tt-p-. 

Example^  same  as  before :  Since  »o  =  326,  and  E  =  108  5  volts, 
H.  P.  =  326  X  108-6  -r  746  =  47-45.  Also  periphery  =  2  t  X  radius 
=  2-88  feet.  This,  at  750  revs,  per  minute,  gives  2158  feet  per 
minute  as  peripheral  speed.  Assuming  fifty-eight  conductors  to 
be  active,  we  get 

,  .^^^  47-45  X  33,000       -„  r  ^ 

av.  force  on  each  conductor  «  — 1- —  «  12-5  pounds. 

2158  =58  ^ 

A  convenient  approximate  rule  may  be  given  as  follows  :— 
If  we  assume,  as  a  sort  of  rough  average  for  the  magnetic 
field  in  the  gap-space  of  a  dynamo  or  motor,  the  value  of 
40,000  lines  to  the  square  inch,  or  say  6300  lines  per  square 
centimetre,  then  tJie  draff  per  inch  of  conductor  will  be  0-00354 
pound  for  each  ampere  of  current  carried.  In  alternate-current 
dynamos  the  intensity  of  the  field  is  seldom  more  than  half 
as  great  as  this. 

Such,  then,  is  the  drag  that  magnetic  fields  exert  upon  non- 
embedded  armature  conductors  ;  and,  it  must  be  remembered 
that  the  drag  is  not  a  steady  one.  When  the  conductor 
emerges  from  the  gap-space,  though  there  is  still  a  current  in 
it,  the  magnetic  drag  is  taken  ofif.  Twice,  therefore,  in  each 
revolution  this  drag  is  suddenly  removed  and  suddenly  put  on 
again,  increasing  the  racking  action.  In  the  case  of  alternate- 
cuiTcnt  machines,  where  the  relation  of  phase  between  the 
currents  and  the  magnetic  fields  complicates  the  matter,  the 
drag  is  not  simply  taken  off  and  put  on  twice  in  each  com- 
plete period,  but  is  actually  revei-sed ;  the  armature  con- 
ductors  being    driven   with    a   back   di-ag   on    them,   tlien 

7_Vol.  3 
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experience  a  forward  drag  and  tend  to  drive/  then  once  more 
are  driven,  and  again  tend  to  drive  as  the  current  reveraes. 
In  the  alternate-current  machine  acting  as  a  generator  the 
intermediate  forward  drags  are  slight  and  of  short  duration  ; 
in  the  machine  acting  as  motor  it  is  the  backward  di-ags  that 
are  of  short  duration. 

It  must  further  be  remembered  that  the  conductor  of  the 
rotating  armature  are  also  subject  to  centrifugal  force,  and 
must  be  strongly  held  in  with  external  binding-wires,  or 
wedged  in  between  the  tips  of  the  teeth,  if  not  carried 
through  holes  in  the  core-disks. 

Need  of  Driving  Horns, — It  is  then  obvious  that  under  the 
mechanical  conditions  now  described,  if  the  conductors  are 
not  imbedded  in  the  iron  cores  there  is  need  of  a  good  posi- 
tive method  of  conveying  the  driving  power  to  them  from 
the  shaft.  In  the  dynamo,  it  is  they  that  need  to  be  driven. 
In  the  motor,  it  is  they  that  d;ive  the  shaft.  The  question  of 
construction  is  complicated  by  the  consideration  that  whilst 
the  copper  conductors  must  be  mechanically  connected  to  the 
shaft  in  the  most  positive  way,  they  must  not  be  metallicly 
connected,  but  on  the  contrary,  must  be  insulated  therefrom. 
Different  conductora  adopt  different  modes  of  accomplishing 
the  end  in  view.  Some  makei*s  key  on  to  the  shaft  a  strong 
hub  provided  with  spokes  that  project  beyond  the  surface  of 
the  core-disks,  and,  protected  by  layers  of  adequate  insulation, 
thus  drivs  the  copper  conductoi-s.  Othera  secure  the  core- 
disks  mechanically  to  tlie  shaft,  and  insert  wedges  of  wood  or 
of  hard  f  bre  into  nicks  in  the  periphery  to  serve  as  driving- 
horns.  In  cases  wliere  toothed  core-disks  are  used,  no  other 
driving-horns  are  necessary.  Compare  the  practical  modes 
adopted  by  modern  makei*s  described  in  Chapter  XIII. 

Stray  Power. — In  the  preceding  paragraphs  it  has  been 
assumed  that  the  mechanical  power  applied  at  the  shaft  to 
drive  the  armature  was  equal  to  the  electrical  power  actually 
generated  in  the  armature.  The  power  to  be  applied  at  the 
pulley  is,  however,  always  greater  than  this  ;  for,  in  the  first 
place,  some  of  the  applied  power  is  lost,  by  friction  in  the 
bearings,  etc.,  and  never  reaches  the  armature.     But  of  that 
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which  actually  reaches  the  armature,  not  all  is  actually  con- 
veited  into  electrical  power.  There  are,  beside  the  friction 
at  the  bearings  and  brushes,  three  sources  of  loss,  viz. ,  (1) 
air-friction,  (2)  hysteresis,  (3)  eddy-currents.  The  first  of 
tliese  is  insignificant,  except  in  those  cases  where  curved 
spokes  are  employed  with  the  object  of  making  the  armature 
act  as  a  fan,  and  even  then  is  small.  The  second  is  by  no 
means  negligible,  but  seldom  adds  more  than  1  or  2  per  cent,  to 
the  driving  power.  The  third  is  the  most  important  of  all, 
especially  in  large  machines.  In  all  the  moving  metal  masses, 
unless  laminated,  there  will  be  eddy-currents  set  up  if  they 
cut  magnetic  lines.  Even  in  the  metal  of  the  shaft,  power 
may  be  lost  from  this' cause  if  there  is  leakage  of  magnetio 
lines  into  it.  The  mode  of  investigating  tlie  separate  sources 
of  loss  is  described  in  Chapter  XXX.  on  the  Testing  of  Dy- 
namos and  M otora.  Whatever  these  losses,  it  is  evident  that 
they  all  call  upon  the  supply  of  power :  for  the  power  sup- 
plied is  necessarily  equal  to  the  sum  or  the  power  actually 
converted  in  the  armature  into  electric  power,  and  the  stray 
power  wasted  in  the  ways  enumerated. 

Efficiency  of  Dynamos  ami  Motors, — Efficiency  is  a  terra 
used  in  seveml  senses,  which  it  is  well  to  distinguish. 

(1)  Efficiency  of  Conversion  or  Gross  Efficiency^  is  the 
relation  between  the  gross  electrical  power  actuallj'^  converted 
in  the  armatui-e,  and  the  gross  mechanical  power  imparted  by 
belt  or  coupling  to  the  shaft.  If  12  per  cent,  of  the  gross 
mechanical  power  is  lost  in  friction  at  the  bearings,  friction 
at  the  brushes,  air-friction,  hysteresis,  and  eddy-currents,  then 
the  remaining  88  per  cent,  being  actually  converted  in  the 
armature,  we  should  describe  the  eflBciency  of  conversion  as 
88  per  cent. 

(2)  Electrical  Efficiency  or  Economic  Coefficient^  is  the  ratio 
between  the  nett  electric  power  or  nett  output  of  the  djmamo, 
and  the  gross  electric  power,  or  power  actually  converted  in 
the  armature.  Thus,  if  in  a  shunt  dynamo  3  per  cent,  of  the 
gross  electric  power  is  wasted  in  heating  the  resistance  of  the 
armature,  and  another  8  per  cent,  is  wasted  in  maintaining 
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the  magnetizing  cun*ent  in  the  shunt  winding,  the  output  or 
nett  elecfcric  power  will  be  only  94  per  cent,  of  the  gross 
electric  power;  or  the  electrical  eflBciency  is  94  per  cent. 
This  ratio  depends  only  on  the  resistances  of  the  machine. 
In  modem  machines  it  may  even  attain  97  per  cent. 

(3)  Commercial  Efficiency^  or  Nett  Efficiency^  is  the  ratio 
between  the  nett  electrical  output  and  the  gross  mechanical 
power  supplied  by  belt  or  coupling.  It  is  therefore  equal  to 
the  product  of  the  efficiency  of  conversion  and  the  electrical 
efficiency.  In  the  example  given  it  is  94  per  cent*  of  88  per 
cent.,  or  82*72  per  cent. 

Relation  of  Size  to  Capacity  and  EFnciENCY. 

There  has  been  considerable  controveray  upon  the  relation 
that  subsists  between  the  linear  dimensions  of  similar  machines 
and  their  permissible  output  and  their  efficiency;  the  diverg- 
ency of  views  arising  mainly  as  to  the  assumptions  that  are 
suitable  at  the  outset.  A  few  things  are  certain;  for 
example,  the  power  of  getting  rid  <  f  the  heat  is  only  pro- 
portional to  the  surface.  It  is  generally  safe  to  assume  that 
peripheral  speeds  will  not  vaiy  much  between  large 
machines  and  small.  Amongst  those  who  have  discussed  the 
problem  are  Hopkinson,  Frolich,  Ayrton,  Mascart  and 
Joubert,  Kapp,  Storch,  Rechniewski,  and  Pescetto.  Accord- 
ing to  Hopkinson  ^  the  cjipacity  of  similar  machines  is  pro- 
portional to  the  cube  of  their  linear  dimensions ;  the  work 
wasted  in  magnetizing  the  field-magnets  is  proportional  to 
the  linear  dimensions,  whilst  that  wasted  in  heat  in  the 
armature  conductors  is  proportional  to  the  square  of  the 
linear  dimensions.  Mascart  and  Joubert  ^  place  the  capacity 
as  low  as  the  square  of  the  linear  dimensions,  and  draw  the 
conclusion  that  small  machines  are  preferable  to  large  ones. 
Prescott*  arrives    at    similar    conclusions.      Rechniewski^ 

1  Proc,  Inst  Civ.  Engineers,  April,  1883. 

•  Legona  aur  v6lectriciU,  (1886),  ii.  815. 
«  Vklectricien,  xi.  357,  1887. 

*  La  Lumiere  6lectrique,  xxii.  811. 


Mecfianical  Actions  and  Reactions.         109 

follows  Hopkiuson  in  assigning  n^  as  the  proportional  in* 
crease  in  the  capacity  of  a  machine  if  its  linear  size  is  in* 
creased  n  times.  Frolich  ^  iissigus  the  value  n^  and  criticises 
the  rule  of  the  fifth  power  given  in  1882  by  the  author  of 
this  work  and  by  Depi*ez,  as  involving  an  inci'ease  of  n^  in  the 
cuii-ent  whilst  there  is  an  increase  of  only  v?  in  the  section  of 
the  conducting  wires,  which  is  clearly  impi-acticable.  Storch* 
considers  constant-current  machines  to  be  in  a  different  cat- 
egory from  constant-potential  machines.  Assuming  equal  in- 
tensity of  magnetic-field,  equal  peripheral  velocity,  and  equal 
peimissible  current  density,  he  finds  that  in  all  machines  the 
ampere-turns  requisite  for  excitation  vary  as  the  linear  dimen- 
sions. For  constant-current  machines  the  capacity  is  pix>- 
portional  to  rfl  that  is  to  say  to  tlie  weight  of  the  machine,  or 
to  the  volume  of  copper  on  the  armature.  For  constant- 
potential  machines  he  finds  the  total  length  of  wire  on  the 
armature  to  be  independent  of  the  dimensions  of  the 
machines ;  the  number  of  external  armature  conductors  to 
vaiy  inveraely  as  the  linear  dimensions  ;  whilst  the  capacity 
of  the  machines  is  found  to  vary  as  ttS  though  with  undue 
heating,  unless  the  volume  of  copper  on  the  armature  is  also 
increased  as  n*.  Storch  and  Rechniewski  agree  with  Hoj)- 
kinson  that  the  work  lost  in  field-magnets  decreases  relatively 
to  that  lost  in  armatures,  with  aii  increase  in  the  linear  di- 
mensions. On  the  other  hand,  increase  in  the  size  of  the 
'  moving  masses  increases  the  liability  to  waste  of  ix)wer  by 
eddy-currents.  Kapp  *  proposes  tliat  the  speeds  of  rotation 
shall  be  assumed  to  vary  inversely  as  the  linear  dimensions, 
so  as  to  put  all  machines  into  equiil  conditions  as  regards 
strains  from  centrifugal  force,  and  that  all  the  similar 
machines  shall  be  considered  as  being  worked  up  to  the  same 
safe  limit  of  heating.  This  involves  that  the  work  wasted 
internally  in  heat  shall  be  proportional  to  surface  or  as  1 :  n\ 


>  Die  dynamoelektr%9che  Machine  (1886).  p.  168. 

*  CentrcMatt  fUr  Elektrotechnik,  viii.  544,  594,  and  743,  1886. 

'  Proc.  Inst.  Civa  Engineers^  Ixxxiii.  86, 1886. 
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Tlie  resistances,  both  magnetic  and  electric,  of  the  field- 
magnets  will  be  proportional  to  n~^,  and  the  exciting  powew 
to  nl.  The  intensities  of  field  will  be  proportional  to  wt,  and 
the  electromotive-forces  to  ni.  The  diameters  of  wires  allowed 
are  as  n^  on  the  magnets  and  nl  on  the  armatures ;  the  re- 
sistances of  armatures  will  be  proportional  to  n-^,  and  the 
permissible  current  to  rfi.  It  follows  at  once  that  the  capac- 
ities of  the  machine  (in  watts)  will  vary  as  7i^i,  whilst  the 
work  wasted  will  vary  as  n^  :  hence  the  economic  coefficient 
will  increase  with  the  size  of  the  machine.  Kapp  gives  the 
cost  of  machines  as  proportional  to  w^i,  whence  it  follows  that 
the  cost  of  a  dynamo  per  lamp  varies  inveraely  as  its  linear 
dimensions.     He  gives  the  following  illustrative  table : — - 

Diameter  of  armature  (inches), 10       16 

Revolutions  per  minute        1000      670 

Number  of  glow-lamps        150      620 

Weight  (in  tons)      0*5      1*7 

Price 100/.  276Z. 

Price  per  lamp 13«.4d.  Ss.lld. 

Electrical  efficiency  (per  cent) 80        89 

Ayrton^  assumes  that  the  speeds  of  similar  machines  may 
be  safely  put  as  inversely  proportional  to  the  square-roots  of 
the  linear  dimensions  or  as  to  n"i  instead  of  w"^.  In  the 
larger  machines  the  smaller  relative  space  required  for  clear- 
ance makes  admissible  the  increase  of  the  current  in  propor- 
tion to  rfi.  But  this  increased  current  would  magnetize  the 
iron  more  highly  in  proportion,  and  the  electromotive-force 
would  be  greater  than  ni,  probably  nearer  w^  '^,  bringing  up 
the  capacity  to  be  proportional  to  rfl'^. 

The  common  opinion  of  dynamo  constructora  appears  to 
be  that  the  capacity  of  dynamos  is,  for  similar  machines,  a 
little  greater  than  in  proportion  to  the  weight. 

Esson  ^  has  discussed  this  question  from  the  point  of  view 
of  multipolar  machines,  and  finds  it  a  matter  of  appropriate 
design  whether   the   efficiency  increases  or  decreases   when 

*  Ptoc.  Inst.  Civil  Engineers,  116,  1886. 

•  Joum.  Inst,  Electrical  Engineers,  xix.  164,  1890,  and  xx,  265.  1891 
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juaohines  are  enlarged  in  size.  He  also  points  out  that  in 
increasing  all  linear  dimensions  there  is  greater  relative  intei"- 
ference  of  the  armature,  tending  to  produce  sparking  and  so 
to  limit  the  output.  He  therefore  concludes  that  the  output 
will  not  be  proportional  to  weight,  f.  e,  to  n',  unless  with  the 
larger  sizes  the  surface-speed  is  somewhat  increased* 
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CHAPTER  VI. 

MAGNETIC  PRINCIPLES  ;  AND  THE  »LA.GNETIO  PROPERTIES  OF 

IRON. 

As  all  dynamo-electric  macliiries  are  based  on  magnetic 
principles,  it  is  needful  that  these  should  be  underetood  fully. 
If  we  once  know  the  relation  that  subsists  between  the  ex- 
citing cun-ent  and  the  magnetism  that  is  produced  by  it,  we 
can  apply  this  knowledge  to  the  design  of  dynamos :  for  such 
knowledge  will  enable  us  to  calculate  beforehand  the  size  of 
field-magnet  and  the  number  and  gauge  of  windings  that  will 
be  required  in  a  dynamo  that  is  to  furnish  any  given  amount 
of  electric  energy.  It  will  be  necessary  first  to  define  the 
terms  used ;  then  we  shall  give  some  account  of  the  facts 
relating  to  the  magnetic  circuit,  and  of  the  properties  of  iron 
and  steel  of  different  kinds.  In  Chapter  VII.  follow  the 
method  of  calculating  the  reluctance  of  the  magnetic  circuit; 
some  examples  and  useful  rules  will  be  given  ;  and  lastly,  the 
various  forms  given  to  field-magnets  will  be  discussed,  and 
calculations  respecting  them  given. 

Definitions  and  General  Properties.^ 

Unit  Magnetic  Pole, — The  unit  magnetic  pole  is  one  of 
such  a  strength,  that  when  placed  at  a  distance  of  1  centimetre 

1  It  is  strongly  recommended  that  the  reader  should  make  himself 
familiar  with  the  elementary  theory  of  magnetic  phenomena.  The 
author*8  Elementary  Lessons  in  Electricity  and  Magnetism^  published  by 
Messrs.  Macmillan  and  Co.,  will  explain  the  terms  and  fundamental 
facts.  The  author's  work  on  The  Electromagnet,  published  by  Messrs. 
Spon,  contains  a  fuller  account  of  the  magnetic  properties  of  iron,  and 
the  design  and  construction  of  electromagnets.  Prof.  Ewing's  work  on 
Ida.gnetie  Induction  in  Iron  and  other  Metals  is  a  standard  book  of 
reference. 
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(in  air)  fi'om  a  pole  of  equal  strength,  it  repels  it  with  a 
force  of  1  dyne. 

Intensity  of  Magnetic  Field, — We  have  seen  in  Chapter  III. 
that  every  magnet  is  surrounded  by  a  certain  "  field,"  within 
which  magnetic  force  is  observable.  We  may  completely 
specify  the  properties  of  the  field  at  any  point  by  measuring 
the  strength  and  the  direction  of  that  force — ^that  is,  by 
measuring  the  ^^  intensity  of  the  fieW^  and  the  direction  of  the 
lines  of  force.  2%e  "  intensity  of  the  field  "  at  any  point  is 
measured  by  the  force  with  which  it  acts  on  a  unit  magnetic  pole 
placed  at  that  point.  Hence,  unit  intensity  of  field  is  that 
intensity  of  field  which  acts  on  a  unit  pole  with  a  force  of  one 
dyne.  There  is  therefore  a  field  of  unit  intensity  at  a  point 
one  centimetre  distant  from  the  pole  of  a  magnet  of  unit 
strength.  Suppose  a  magnet  pole,  whose  strength  is  m^ 
placed  in  a  field  at  a  point  where  the  intensity  is  H*  then  the 
force  will  be  m  times  as  great  as  if  the  pole  were  of  unit 
sti-ength,  and  the  amount  of  the  force  (in  dynes)  can  be  cal- 
culated by  simply  multiplying  together  the  strength  of  the 
magnetism  of  the  pole  and  the  intensity  of  the  field;  or, 

f=m  X  H- 

Magnetic  Lines. — It  is  possible,  in  every  magnetic  field,  to 
dj-aw  through  any  given  point,  a  line  in  such  a  direction  that 
it  represents  the  direction  of  the  magnetic  force  at  that  point 
of  the  field  (Fig.  10,  p.  24).  The  iron  filing  curves  formed 
round  magnets  show  the  forms  of  the  otherwise  invisible  mag- 
netic lines.  Even  when  such  lines  are  not  actually  drawn, 
they  may  be  supposed  to  be  drawn  ;  we  may  even  concg^ve 
the  whole  of  the  space  in  the  magnetic  field  to  be  trnvereed 
by  such  lines.  Faraday  was  the  first  to  give  a  quantitative 
signification  to  the  conception  of  magnetic  lines.  We  may 
use  them  to  specify  not  only  the  direction^  but  also  the  mag- 
nitude of  the  magnetic  forces  by  adopting  the  following  con- 
vention : — Let  there  be  drawn  as  many  lines  per  square 
centimetre  of  cross  section  of  the  field  as  there  are  dynes  of 
force  (on  a  nnit  pole)  at  the  point  in  question.  The  symbol 
H  niay  then  be  read  to  mean  either  the  number  of  dynes  on 
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a'  unit  pole,  or  the  number  of  lines  per  square  centimetre  in 
air ;  it  also  may,  as  we  shall  presently  see,  be  read  to  mean 
the  amount  of  magnetomotive-force  exerted,  per  unit  length, 
along  the  field. 

The  convention  of  magnetic  lines  enables  us  to  see  more 
clearly  what  is  meant  by  magnetic  flux  ;  for  looking  at  Fig.  10, 
we  see  the  lines  issuing  from  one  pole  of  the  magnet  like  a 
stream  spreading  out  over  the  surrounding  space  and  flowing 
in  at  the  opposite  pole.  Just  as  the  total  number  of  stream- 
lines of  a  liquid  remains  the  same  throughout  the  whole  path, 
so  the  total  number  of  lines  of  a  magnet  passing  through  a 
section  of  the  path  is  the  same  whatever  section  we  take,  pro- 
vided that  our  section  cuts  across  the  whole  of  the  path.  This 
total  number  is  called  the  magnetic  flux^  and  is  symbolized  by 
the  letter  N«  The  lines  pass  through  the  bar-magnet.  Fig.  10, 
as  well  as  the  surrounding  space,  and  thus  make  a  complete 
magnetic  circuit.  If  the  ends  of  the  bar  were  bent  round  and 
joined,  so  as  to  form  a  completely  continuous  ring,  then  all 
the  lines  would  circulate  within  the  metal  of  the  magnet,  and 
none  in  the  air  surrounding  it.  We  should  then  speak  of  the 
ring  as  a  closed  magnetic  circuit.  In  the  dynamo  we  try  to 
attain  this  metallic  continuity  of  the  circuit  as  nearly  as  pos- 
sible, consistently  with  the  movability  of  the  rotating  parts. 

Though  the  definition  of  a  magnetic  line  in  the  air  is  con- 
nected with  the  force  upon  a  magnetic  pole,  we  are  not  so 
much  concerned  (while  considering  dynamos),  with  the  forces 
(exerted  on  poles  by  the  lines),  as  with  that  other  phenomenon, 
the  induction  of  an  electromotive-force  when  a  conductor  is 
moved  across  the  lines.  Indeed,  though  we  have  said  that 
the  magnetic  lines  are  continuous  throughout  the  entire  cir- 
cuit, it  is  really  only  in  so  far  as  their  property  of  generating 
an  electromotive-force  is  concerned,  that  they  can  be  regarded 
as  continuous  ;  for  the  force  inside  a  magnetic  material,  such 
as  iron,  is  not  represented  by  the  number  of  magnetic  lines  per 
square  centimetre,  as  will  be  shown  when  we  come  to  speak 
of  magnetomotive-force.  It  is  only  in  air,  and  equally  non- 
magnetic substances  that  the  force  is  represented  by  the 
number  of  lines  per  square  centimetre.     We  therefore  rather 
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use  the  expression  ^'  magnetic  lines,"  when  speaking  of  the 
flux  through  magnetic  material,  in  contrast  to  ^'  the  lines  of 
force  "  which  emerge  into  the  air.  The  two  are  continuous 
throughout  the  circuit,  and  in  the  air  the  magnetic  lines  are 
the  lines  of  force.  Where  the  lines  which  represent  the  direc- 
tion and  amount  of  any  vector  quantity,  as,  for  example, 
magnetic  lines  or  lines  of  electric  flow,  are  closed  on  them- 
selves so  as  to  form  a  circuit,  the  distribution  of  the  vector 
quantity  is  said  to  be  circuital.  The  number  of  magnetic  lines 
per  centimetre  of  cross  section  of  the  magnetic  material  is 
aptly  called  the  flux-density^  and  is  usually  denoted  by  B» 
The  magnetic  force  in  the  material  is  as  before  denoted  by  Hf 
which  in  fact  represents  the  number  of  magnetic  lines  that 
sFould  exist  in  the  space  if  the  magnetic  material  were  re- 
placed by  air  while  the  same  causes  producing  magnetization 
still  existed. 

The  idea  of  a  magnetic  circuit  was  more  or  less  familiar 
to  Ritchie,^  Sturgeon,'*  Dove,*  Dub,*  and  De  la  Rive,*  the 
last-named  of  whom  explicitly  uses  the  phrase  "a  closed 
magnetic  circuit.'*  Joule®  found  the  maximum  power  of  an 
electromagnet  to  be  proportional  to  "  the  least  sectional  area 
of  the  entire  magnetic  circuit,"  and  he  considered  the  resist- 
ance to  induction  as  proportional  to  the  length  of  the  magnetic 
circuit.  Faraday^  considered  that  he  had  proved  that  each 
magnetic  line  constitutes  a  closed  curve ;  that  the  path  of 
these  closed  curves  depended  on  the  magnetic  conductivity  of 
the  masses  disposed  in  proximity;  that  the  magnetic  lines 
were  strictly  analogous  to  the  lines  of  electric  flow  in  an 
electric  circuit.  He  spoke  of  a  magnet  surrounded  by  air 
being  like  unto  a  voltaic  battery  inmiersed  in  water.  He  even 
saw  the  existence  of  a  power,  analogous  to  that  of  electro- 

»  PhiL  Mag.,  series  iii.  vol.  iii.  122.  «  Ann.  of  Electr.,  xii.  217. 

•  Pogg,  Ann,,  xxix.  462,  1833.    See  also  Pogg,  Ann.,  xliii,  517,  1838. 

•  Dub,  Elektromagnetismu8,  p.  401  (ed.  1816);  and  Pogg,  Ann.,  xc. 
440,  1853. 

•  De  la  Rive,  Treatise  on  Electricity  (Walker's  translation),  i.  292. 

•  Ann,  of  Electr.,  iv.  59, 1889 ;  v.  195, 1841 ;  and  Scientific  Papers,  pp. 
8,  34,  85,  86. 

T  Experimental  Researches,  vol.  iii.  arts.  3117,  3228,  3230,  3260,  8271 
8276,  8294  and  8861. 
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motive-force  in  electric  circuits,  though  the  name  magneto- 
motive-force is  of  more  recent  origin.  The  same  idea  is  more 
or  less  implicitly  recognized  in  the  latter  half  of  the  magnetic 
papers  in  Lord  Kelvin's  collected  volume  on  Electrostatics 
and  Magnetism.  Rowland  ^  in  1873  expressly  adopted 
the  reasoning  and  language  of  Faraday's  method  in  the 
working  out  of  some  new  results  on  magnetic  permeability, 
and  pointed  out  that  the  flow  of  magnetic  lines  of  force 
thi'ough  a  bar  could  be  subjected  to  exact  calculation ;  the 
elementary  law,  he  says,  "  is  similar  to  the  law  of  Ohm." 
Writing  R  for  the  "  resistance  to  lines  of  force,*'  M  for  "  mag- 
netizing force  of  helix,"  and  Q  for  number  of  "  lines  of  force 
in  a  bar  at  any  point,"  he  wrote,  for  a  particular  case  (a  ring- 
magnet,  having  therefore  a  closed  magnetic  circuit),  the 
equation, 

M 

Q  =  -; 

R 

an  equation  for  magnetic  circuits  which  every  electrician  will 
recognize  as  being  precisely  like  Ohm's  law.  He  applied  the 
calculations  to  determine  the  permeability  of  certain  specimens 
of  iron,  steel  and  nickel.  In  1882,^  and  again  in  1883,*  Mr.  R. 
H.  M.  Bosanquet  brought  out  at  greater  length  a  similar 
argument,  employing  the  extremely  apt  term  "  Magneto- 
motive force,"  to  connote  the  force  tending  to  drive  the 
total  flux  of  magnetic  lines  through  the  "  magnetic  resistance  " 
(or  reluctance)  of  the  circuit.  In  these  papers  the  calculations 
were  reduced  to  a  system,  and  deal  not  only  with  the  specific 
properties  of  iron,  but  with  problems  arising  out  of  the  shape 
of  the  iron.  Bosanquet  showed  how  to  calculate  the  several 
reluctances  of  the  separate  parts  of  the  circuit,  and  then  add 
them  together  to  obtain  the  total  reluctance  of  the  magnetic 
circuit. 

1  PhiL  Mag.,  series  iv.  vol.  xlvi.  August  1873.  **0n  Magnetic  Per- 
meabiUty  and  the  Maximum  of  Magnetism  of  Iron,  Steel,  and  Nickel.*' 

'  Proc,  Boy.  Sac.,  xxxiv.  445,  December  1882. 

•  Phil.  Mag.,  series  v.  vol.  xv.  205,  March  1888.  **  On  Magneto-motive 
Force."  Also  iWd.,  vol.  xix.  February  1885  ;  and  Proc.  Roy.  See.,  No. 
228,  1888;  see  also  Electrician,  xiv.  291,  February  14th,  1885. 


Magnetic  Principles.  117 

In  1886,  Mr.  Gisbert  Kapp,^  and  independently  Di-s.  J.  and 
E.  Hopkinson,*  introduced  magnetic-circuit  calculations  into 
the  designing  of  dynamo-electric  machines.  These  methods 
we  shall  further  consider  in  the  next  chapter. 

We  have  seen  that  N,  the  magnetic  flux  from  pole  to  pole 
of  the  field-magnet,  is  an  important  quantity  in  the  determi- 
nation of  the  electromotive-force  of  a  dynamo.  Since  this 
total  flux  depends  on  (i.)  the  magneto-motive  force,  and  (ii.)  the 
reluctance  of  the  magnetic 
circuit,  it  is  necessai^  to  x^ 
give  some  consideration  to 
these  two  quantities. 

1.   Moffnetomoiive-Force 
or  Total  Magnetizing  Power 
of  Electric  Current  circu- 
lating in  a  Coil. — It  is  found 
that  when  a  current  flows 
along   in   a    wire    that   is 
coiled     in    several    turns 
around  a  core  (Fig.  82),  and    pio.  sa— Maonetizino  Cotl  wound 
is  thus  made   to   circulate       around  ▲  Magnetic  Cibcutt. 
around  an  interlinked  mag- 
netic cii*cuit,  the  magnetizing  power  is  proportional  both 
to  tlie   strength  of  the   current  so  circulating  and   to  the 
number  of  turns  in  the  coil.     The  magnetizing  power  is  in- 
dependent of  the  size   or  material  of  the  wire,   and  of  its 
shape,  and  is  the  same  whether  the  spirals  are  close  together 
or  wide  apart.     If  S  stands  for  the  number  of  spirals  in  the 
coil,  and  C  be  the  number  of  amperes  of  current  that  are  flow- 
ing, then  C  multiplied  by  S  will  be  the  number  of  ampere-turns 
of  circulation  of  current.     It  is  experimentally  proved  that 
twenty  amperes  circulating  around  five  turns  exert  precisely 

1  Journal  Soc.  Telegraphic  Engineers  and  Electricians,  xv.  524-529, 
November  11th,  1886.  **  On  the  Predetermination  of  the  Characteristics 
of  DynamoB  " ;  a  very  valuable  paper  marred  by  mixed  units.  Those 
who  wish  to  study  examples  of  this  mode  of  calculating,  will  find  some 
examples  in  a  paper  communicated  by  Professor  Jamieson  in  Jan.  1889, 
to  the  Institution  of  Engineers  and  Shipbuilders  in  Scotland;  vide 
Electrician,  March  1,  1889.  <  Phil,  Trans,,  part  L  p.  331, 188& 
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the  same  magnetizing  power  as  one  ampere  circulating  one 
hundred  times,  or  as  one  hundred  amperes  circulating  once 
around  the  core.  In  each  of  these  cases  the  circulation  of 
current  is  one  hundred  ampere-turns.  To  calculate  from  this 
the  value,  in  absolute  C.G.S.  units,  of  the  magnetomotive- 
force,  it  is  requisite  to  multiply  the  ampere-turns  by  ^  tt,  or 
by  1*257.     Or,  in  symbols, 

Magnetomotive-force  =  1-257  X  C  S. 

It  is  possible  to  avoid  the  use  of  this  multiplier  by  taking 
the  ampere  turns  themselves  as  the  magnetomotive-force.  In 
that  case  one  applies  a  coefficient  to  the  calculation  of  the 
reluctance  of  the  circuit  (see  p.  146). 

Some  writers  ^  call  the  magnetomotive-force  the  "  line- 
integral  of  the  magnetic  forces."  The  reason  is  as  follows : — 
In  a  field  of  intensity  H?  «•  ^'^i^  magnetic  pole  experiences  a 
force  numerically  equal  to  H  5  ^^^  if  the  unit  were  moved 
against  this  force  once  around  a  closed  path  of  length  I  (like 
the  dotted  line  in  Fig.  82),  the  work  done  would  measure  the 
integral  magnetic  force.  Hence  along  a  length  Zin  a  field  of 
intensity  H  ^^  magnetomotive-force  is  equal  to  H  X  ?.  Hence 
it  also  follows  that  the  intensity  of  the  field  along  a  uniformly 
wound  coil  is  expressed  by  the  formula: — 

H  =  1-257  X  C  S  ^  ?. 

In  other  words  is  proportional  to  the  ampere-turns  per 
unit  of  length. 

There  are  some  analogies  between  a  magnetic  circuit  and 
an  electric  circuit,  which  considerably  simplify  the  magnetic 
principles  relating  to  dynamo  construction.^ 

Just  as  there  are  some  materials  which  conduct  the  electric 

1  See  MaxweU's  Electricity  and  Magnetism,  vol.  ii.  art.  499 ;  or  S.  P. 
Thompson'B  Elementary  Lessons  on  Electricity  and  Magnetism  (edition 
of  1895),  p.  334. 

^  It  should  be  observed  that,  though  for  the  purpose  of  this  simpli- 
fication,  it  is  allowable  to  draw  an  analogy  between  an  electric  cir- 
cuit and  a  magnetic  circuit,  the  true  magnetic  analogue  of  an  electric 
circuit  (in  which  energy  is  being  continually  transported)  would  be  a 
circuit  in  which  energy  is  being  transported  by  the  passage  of  *'  free 
magnetism ; "  but  no  conductoi-s  of  magnetism  in  this  sense  are  as 
yet  known. 


Magnetic  Principles.  119 

current  better  than  others,  so  there  are  some  materials  which 
conduct  the  magnetic  flux  better  than  others.  The  reluctance 
or  resistance  of  a  circuit  in  each  case  is  proportional  to  the 
length  of  the  path,  to  the  reluctivity  or  resistivity  of  the 
material,  and  invei-sely  proportional  to  the  cross  section  of 
the  path.  Just  as  in  a  battery  the  total  electromotive-force 
is  made  up  of  the  separate  electromotive-forces  of  all  the  cells 
joined  in  series,  so  the  total  magnetomotive-force  in  a  mag- 
netic circuit  is  the  sum  of  the  magnetomotive-forces  sepa- 
rately produced  by  each  coil  of  wire.  If  the  magnetic  circuit 
is  branched  (as  in  the  Manchester  dynamo  shown  in  Fig.  101, 
No.  24),  then  the  coils  on  the  sepamte  branches  do  not  have 
then*  forces  added  together,  but  are  analogous  to  b^tteiies 
placed  in  parallel  with  each  other. 

We  have  a  difference  of  magnetic  potential  between  the 
ends  of  core  wound  with  a  magnetizing  coil  just  as  we  have 
a  difference  of  electric  potential  at  the  terminals  of  a  cell. 
As  we  go  along  the  magnetic  circuit  the  potential  falls  by  an 
amount  equal  to  the  reluctance  of  the  path  multiplied  by  the 
total  flux.  The  iron  Miside  a  magnetizing  coil  may  be  said 
to  be  for  the  puipose  of  diminishing  its  "  internal "  reluc- 
tance. We  have  stout  iron  frames  for  our  dynamos  in  order 
that  the  magnetic  pressure  of  the  coils  may  be  transferred  to 
the  armature  without  appreciable  "  drop."  The  fall  of  mag- 
netic potenial  in  a  column  of  air  per  centimetre  of  length  is 
numerically  equal  to  the  flux-density.  Therefore,  to  calculate 
the  magnetomotive-force  necessary  to  create  a  certain  flux- 
density  in  a  certain  air-space,  we  have  only  to  multiply  the 
flux-density  by  the  length  of  the  air-space. 

Thus  to  produce  a  flux-density  of  10,000  lines  per  square 
centimetre  in  an  air-gap  1  centimetre  in  length  will  require 
a  magnetic  pressure  of  10,000  gausse^^  a  gauss  being  the 
magnetomotive-force  required  to  produce  unit  flux-density 
in  an  air-space  1  centimetre  in  length.^  One  ampere-turn 
produces  a  magnetomotive-force  of  1-257  gausses,  so  that  to 
produce  a  flux-density  of  10,000  in  an  air-gap  1  centimetre 

1  It  requires  2*54  ffausses  or  2*02  ampere-turns  to  produce  unit  fluz' 
density  in  an  air-epace  1  inch  in  length.    See  note  on  p.  144. 
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in  length  will  require  ^  ampere-turns.  We  might  calcu- 
late the  ampere-turns  required  on  a  dynamo  field-magnet  by 
multiplying  the  flux-density  by  the  total  length  of  air-gap 
and  dividing  by  1*257,  and  then  add  some  further  turns  to 
make  up  for  the  drop  in  magnetic  potential  in  the  iron 
circuit ;  but  it  is  more  usual  to  find  the  total  reluctance  of 
the  circuit  and  multiply  by  the  total  flux  in  the  manner 
shown  in  Chaptei*s  VII.  and  XVI. 

2.  Reluctance  of  Magnetic  CircmL — We  have  seen  that, 
other  things  being  equal,  the  total  flux  in  a  circuit  is  inversely 
proportional  to  the  reluctivity  of  the  materials  of  which  it  is 
composed;  it  is  directly  proportional  to  the  permeability 
which  is  the  reciprocal  of  reluctivity.  - 

The  permeability  of  a  material. is  the  numerical  coefiicient 

which  expresses  the  ratio  between  flux-density  Bf  a»d  the 

magnetizing  force  ^  H*     For  instance,  if  a  column  of  air  is 

subjected  to  a  magnetizing  force  H?  the  number  of  magnetic 

lines  per  square  centimetre  of  cross  section,  in  other  words  the 

p 
flux-density  B»  is  equal  to  H  5  therefore,  the  ratio  q  =  1  and 

we  say  the  permeability  of  the  air  is  1.  If  we  take  a  piece 
of  iron  and  subject  it  to  the  same  magnetizing  force  H  we  find 

^  ^  The  following  are  the  various  ways  of  expressing  the  three  defini* 
tions: 

D— The  number  of  lines  per  square  centimetre  in  the  material. 

The  flux-density. 

The  magnetic  displacement. 

The  internal  magnetization. 

The  magnetic  induction. 

The  induction. 

The  intensity  of  the  induction. 

The  permeation. 
H— The  number  of  lines  per  square  centimetre  that  there  would  be  in  aif* 

The  magnetizing  force  at  a  point. 

The  magnetic  force  at  a  point. 

The  intensity  of  the  magnetic  force. 

The  rate  per  cm.  of  fall  of  magnetic  potential 

The  ma^etomotive-force  per  unit  length. 
fi — The  magnetic  permeability. 

The  permeability. 

The  8f»eciflc  conductivity  for  magnetic  lines. 

The  magnetic  multiplying  power  of  the  material. 
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that  B  ^  very  much  greater.  For  example,  a  certain  specimen 
of  iron,  when  subjected  to  a  magnetic  force  capable  of  creating, 
in  air,  50  magnetic  lines  to  the  square  centimetre,  was  found 
to  be  permeated  by  no  fewer  than  16,062  magnetic  lines  per 
square  centimetre.  Dividing  the  latter  figure  by  the  former 
gives  321  as  the  value  of  the  permeability,  that  is  to  say,  the 
pei-meability  of  the  iron  at  this  stage  of  the  magnetization  is 
321  times  that  of  air.  The  permeability  of  such  non-magnetic 
materials  as  silk,  cotton  and  other  insulators,  also  of  bi-ass, 
copper  and  all  the  non-magnetic  metals,  is  taken  as  one,  beiug 
practically  the  same  as  that  of  the  air. 

The  permeability  of  iron,  however,  varies  very  greatly  with 
the  degree  to  which  it  has  been  magnetized.  In  all  kinds  of 
iron  (after  passing  the  initial  stage  mentioned  below)  the 
magnetizability  of  the  material  becomes  diminished  as  the 
actual  magnetization  is  pushed  further ;  there  is  in  fact  a 
tendency  to  magnetic  saturation.  In  other  words,  when 
a  piece  of  iron  has  been  magnetized  up  to  a  certain  degree, 
it  becomes,  from  that  degree  onward,  less  permeable  to 
further  magnetization,  and  though  actual  satui-ation  is  never 
reached,  there  is  a  practical  limit  beyond  which  the  magneti- 
zation cannot  well  be  pushed.  Joule  was  one  of  the  first  to 
establish  this  tendency  toward  magnetic  satui-ation.  Modern 
researches  have  shown  numerically  how  the  permeability 
diminishes  as  the  magnetization  is  pushed  to  higher  stages. 
The  practical  limit  of  the  flux-density,  B?  i^  good  wrought 
iron,  is  about  20,000  magnetic  lines  to  the  square  centimetre, 
or  about  125,000  lines  to  the  square  inch  ;  and  in  cast  iron  the 
practical  saturation  limit  is  nearly  12,000  lines  per  square 
centimetre,  or  about  70,000  lines  per  square  inch.- 

In  designing  electromagnets,  before  calculations  can  be 
made  as  to  the  size  of  a  piece  of  iron  required  for  the  core  of 
a  magnet  for  any  particular  purpose,  it  is  necessary  to  know 
the  magnetic  propei*ties  of  that  piece  of  iron ;  for  it  is  obvious 
that  if  the  iron  be  of  inferior  magnetic  permeability,  a  larger 
piece  of  it  will  be  required  in  order  to  produce  the  same 
magnetic  effect  as  might  be  produced  with  a  smaller  piece 
of  higher  permeability.     Or  again,  the  piece  having  inferior 
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permeability  will  require  to  have  more  copper  wire  wound  on 
it ;  for  in  oixier  to  bring  up  its  magnetization  to  the  required 
point,  it  must  be  subjected  to  higher  magnetizing  forces  than 
would  be  necessary  if  a  piece  of  higher  permeability  had  been 
selected. 

Curves  of  Magnetization. 

A  convenient  mode  of  studying  the  magnetic  facts  respect- 
ing any  paiticular  brand  of  iron  is  to  plot  on  a  diagmm  the 
curve  of  magnetization — t.  e.  the  curve  in  which  the  values, 
plotted  horizontally,  represent  the  magnetic  force,  H'  ^^^  ^^^ 
values  plotted  vertically  those  that  coiTcspond  to  the  respec- 
tive flux-density,  B* 

Thirty-five  samples  of  various  irons  of  known  chemical 
composition  were  examined  by  Hopkinson,^  the  two  most 
important  for  present  purposes  being  an  annealed  wrought 
iron  and  a  gi*ay  cast  iron,  such  as  are  used  by  Messra.  Mather 
and  Piatt  in  the  construction  of  dynamo  machines.  Hopkin- 
son  embodied  his  results  in  curves,  from  which  it  is  possible 
to  construct,  for  purposes  of  reference,  numerical  tables  of 
sufficient  accuracy  to  serve  for  future  calculations. 

The  upper  cui've.  Fig.  88,  gives  the  behavior  of  annealed 
wrought  iron.^  The  ascending  line  shows  the  relation  between 
the  intensity  of  the  magnetizing  foree  H  and  the  flux-density 
B  during  the  pi-ocess  of  increasing  the  magnetizing  force 
from  zero  to  about  220  ;  and  the  descending  line  shows  the 
same  relation  during  the  process  of  decreasing  the  magnetizing^ 
force  to  zero,  and  then  reversing  it  so  as  to  remove  the 
residual  magnetic  lines.  The  lower  curves  shows  the  behavior 
oigray  cast  iron. 

Every  sample  of  iron  will  show,  on  being  tested,  a  similar 
set  of  facts  which  can  be  plotted  down  as  a  curve  that  is 
characteristic  of  the  relation  in  question  ;  but  the  curves  for 
cast  iron  and  steel  always  lie  lower  than  those  for  wrought 
iron.  Moreover,  it  will  usually  be  noticed  that  when  a  fresh 
piece  of  iron  or  steel  is  subjected  to  a  gradually  increasing 

^PhiL    7>an«.,  pt.  ii.  p.  455,  1885. 
'Hopkinsonin  Phil  TVans.,  pt.  ii.  455, 1885. 
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magnetizing  force,  the  lowest  part  of  the  curve  presents  near 
its  origin  a  small  concavity  (see  Fig.  83),  showing  that  there 
is  a  certain  stage  where  under  small  magnetizing  forces  the 
permeability  is  greater  than  at  the  initial  stage.  This  con- 
cavity is  more  pronounced  in  the  case  of  hard  iron  and  of  steel 
than  in  the  case  of  soft  iron.  But  the  curves  differ  in  detail 
even  in  different  specimens  of  the  same  sort  of  iron.    In 
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Fia.  88.— HoPKiNsoN's  Curves  of  Magnetization  op  Iron. 

designing  dynamos  it  is  convenient  to  have  for  reference  a 
series  of  curves  such  as  Fig.  84,  made  by  observation  on  samples 
of  the  same  iron  as  it  is  intended  to  use  in  construction. 

In  Fig.  84  are  given  seven  curves,^  relating  to  soft  iron, 
hardened  iron,  "  mild  steel,"  *  annealed  steel,  hard-drawn  steel, 
cast  iron  and  glass-hard  steel. 

*  PAtZ.  Ttwm,^  1885.    *  See  p.  127  ag  to  the  nature  of  so-called  **  mild  steeL" 
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If  we  plot  a  curve  taking  the  permeability  q,  or,  as  it  is 

usually  denoted,  At,  for  ordinates,  and  B  ^or  abscissse,  we  have 
the  results  in  a  more  convenient  form  for  reference  when  mak- 
ing calculations  of  magnetic  reluctances.  Fig.  85  gives  curves 
of  various  materials  plotted  in  this  way.  The  curve  marked 
annealed  soft  iron  is  plotted  from  results  obtained  by  Hop* 
kinson  from  a  carefully  annealed  specimen  of  soft  iron.  The 
value  for  g,  y^  and  H  ^^^  this  speciman  are  given  in  square 
centimetre  units  in  Table  I.,  and  in  square  inch  units  in 
Table  1 1. 


«o 


S      10  20  90  ^ 

Fig.  84.— Curves  op  Magnetization  op  various  Sorts  op  Iron. 

This  curve  is  characteristic  of  the  behavior  of  the  besi 
Swedish  iron.  Beneath  is  a  cui"ve  given  by  Prof.  D.  C. 
Jackson,^  showing  the  average  results  obtained  from  three 
specimens  of  good  quality  merchant  wrought  iron  having  the 
following  percentage  of  impurities :  C  =  0*  075,  Si  =  0  •  1, 
Mn  =  0  •  25,  P  =0-l,  S  =  0  -1.  It  will  be  seen  that  with 
wrought  iron  the  permeability,  for  small  flux-densities,  is  not 
very  great,  but  increases  as  the  density  is  increased  up  to 
about  5000.  An  increase  beyond  this  point  decreases  the 
permeability  until  when  g  ==  16,000  the  permeability  has 
fallen  to  400,  and  at  B  =  20,000  it  is  about  100.  Thus  it  is 
not  economical  to  push  B  much  beyond  16,000.  In  dynamo 
field-magnets  B  is  generally  somewhere  about  16,000,  so  that 

^  Electromagnetiwi  and  the  Construction  qf  Dynamos  (Macmillan). 
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Table  I.    (Square  Cemtdcbtre  UNrrs). 


AnaoW  Wrought  Iron 

1 

Gray  Cost  Iron. 

• 

B 

• 

^       J 

H       i 
1-66 

ffi 

/*     . 

H 

5,000 

1 
8000 

4,000 

800 

5 

9,000 

8260 

4 

5,000 

500 

10 

10,000 

2000 

5 

6,000 

279 

21-5 

11,000 

1692 

6*5 

7,000 

183 

42 

12,000 

1412 

8-5 

8,000 

100 

80 

13,000 

1063 

12 

9,000 

71 

127 

14,000 

823 

17 

10,000 

53 

188 

15,000 

626 

28-5 

11,000 

37 

292 

16,000 

320 

50 

17,000 

161 

105 

18,000 

90 

200 

19,000 

54 

350 

20,000 

80 

AAA 

1 
1 

Table  II.  (Square  Inch  Units). 


1 

Annealed  Wrought  Iron. 

1 

Gray  Cast  Iron. 

B« 

** 

1 
H. 

a. 

M 

H« 

30,000 

40,000 

50,000 

60,000 

70,000 

80,000 

90,000 

100,000 

110,000 

120,000 

130,000 

140,000 

2926 

2857 

2392 

2166 

1750 

1368 

856 

407 

161 

64 

28 

18 

10-2 
14 
20-9 
27-7 
40 
63 
105 
245 
686 
1850 
4500 
7630 

25,000 
30,000 
40,000 
50,000 
60,000 
70,000 

833 
445 
245 
112 
64 
40 

30 

53*5 

163 

447 

940 

1750 
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the  permeability  of  the  material  at  this  point  is  the  criterion 
of  the  value  of  different  materials  for  field-magnets.  Now, 
looking  at  the  curve  for  mild  cast  steely  it  will  be  seen  that, 
though  the  permeability  for  flux-densities  of  the  order  of 
10,000  is  very  much  lower  than  the  permeability  of  iron,  yet 
at  gi-eat  flux-densities  the  mild  steel  is  equally  good  or  even 
better  than  wrought  iron.  Being  much  cheaper,  it  has  come 
veiy  much  into  use  in  dynamo  construction.  Though  this 
material  is  known  as  mild  steel,^  it  is  in  reality  much  more 
allied  to  iron  in  its  composition,  as  it  contains  only  about  0*2 
per  cent,  of  carbon  and  is  incapable  of  taking  a  temper.  The 
facts  that  it  can  be  cast  and  is  soft  to  tool  greatly  facilitate 
the  construction  of  dynamo  frames  of  mild  steel.  MitiB  metal^ 
which  is  a  sort  of  cast  wrought  iron,  being  a  wrought  iron 
rendered  fluid  by  addition  of  a  small  percentage  of  alumi- 
nium, is,  as  the  author  has  found,  more  magnetizable  than 
cast  iron,  and  not  far  inferior  to  the  best  wrought  iron. 

Hammering,  rolling,  chilling,  or  any  process  which  tends  to 
physically  harden  iron  will  lessen  its  permeability,  but  the  evil 
effects  of  such  processes  may  be  destroyed  by  raising  the 
metal  to  a  red  heat  and  allowing  it  to  cool  very  slowly.  The 
effect  of  this  annealing  is  shown  in  the  curves. 

The  curve  for  cast  iron  varies  a  great  deal  with  the 
quality.  Generally  speaking,  the  permeability  is  deci*eased  in 
proportion  to  the  amount  of  carbon  present  in  the  combined 
state. 

For  an  account  of  the  various  methods  of  measuring^  the 

1  For  data  upon  mUd  steel  and  mitis  metal,  seeG.  Henrard,  La  LumUre 
EHeetfique^  zzxiii  5M ;  and  Thompson,  Knight  and  Bacon,  Amer,  Inst. 
Elee.  Engs.,  ix.  June  7th,  1803. 

^  Consult  also  the  following  works  : — 

Ewing,  J.  A.,  various  papers  in  the  Philosophical  Transaetiona  of  the 
Royal  Society  in  the  years  1885  to  1894.  A  full  resume  is  given  in  his  book 
Magnetic  Induction  in  Iron  and  other  Metals,    London,  1894. 

Hopkinson,Dr.  J. ,  papers  in  the  Philosophical  Transactions  of  the  Royal 
Society,  1885  to  1895.    Those  of  chief  importance  are  reprinted  in  his  book. 

Du  Bois,  H.  J.  G.,  MagnetiscTie  Kreise,  deren  Theorie  und  Anwendun- 
gen.    Berlin,  1894. 

Jackson,  Dugald  C,  Electromagnetism  and  the  Construction  of  Dy-  \ 

namos  (Macmillan).  1 
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magnetic  qualities  of  iron,  see  the  author's  treatise  on  The, 
Electromagnet, 

This  is  not  the  place  to  enter  upon  the  modern  molecular 
theory  of  magnetism  propounded  by  Ewing.  Those  who 
would  follow  out  this  most  important  topic  must  refer  to 
Ewing's  published  works.^ 

Effects  of  Aik-gap  in  Magnetic  Circuit. 

All  the  preceding  results  refer  exclusively  to  that  which 
goes  on  in  iron  itself,  the  curves  of  magnetization  referring  to 
the  magnetic  materials  only.     But  if  there  is  an  air-gap  in  the 


O        iVf  X)      ^s 

Fio.  86.— Curve  op  Magnetization  op  Magnetic  Circutt 

WITH  Air-gap. 


magnetic  circuit,  or  a  gap  filled  with  any  non-magnetic  mate- 
rial (possessing  a  permeability  =  1),  it  is  evident  that  to  force 
the  same  number  of  magnetic  lines  across  a  layer  of  such  infe- 
rior permeability  will  necessitate  an  increase  in  the  magneto- 
motive-force that  must  be  applied. 

This  is  made  plainer  by  reference  to  Fig.  86,  in  which  the 
curve  O  (7  C  represents  the  relation  between  the  number  of 


Magnetic  Principles,  129 

magnetic  lines  in  an  iron  bar  and  the  number  of  ampere-turns 
of  excitation  (H  ^  ~^  1*257)  needed  to  force  this  flux  through 
the  iron.  For  example,  to  reach  the  height  c,  the  excitation 
has  to  be  of  the  value  represented  by  the  length  O  x^.  On 
the  same  diagram  the  line  O  i  B  represents  the  relation 
between  the  magnetic  flux  across  the  aii'-gap  and  the  ampere- 
turns  required  to  force  this  flux  across.  If  the  gap  were  1 
cm.  long,  0.795  ampere-turns  of  current  would  produce  field 

H  =  B  ==  1«  In  ^^^  <^^6  ^h^  g^P  ^  supposed  to  be  shorter 
than  1  cm.,  the  line  sloping  up  at  such  a  slope  that  the  length 
O  x^  represents  the  ampere-tums  i*equisite  to  bring  up  the 
magnetic  flux  to  i,  which  is  at  the  same  height  on  the  scale 
as  <?.  It  is  then  easy  to  put  the  two  things  together,  for  the 
total  amount  of  excitation  required  to  force  these  magnetic 
lines  through  air  and  iron  will  (neglecting  leakage)  be  the 
sum  of  the  separate  amounts.  The  point  x^  is  chosen  so 
that  O  x^  is  equal  to  the  sum  of  Q  ^i^  ^"^  ^  ^21  ^^  ^^^^  the 
distance  of  point  r  from  the  vertical  axis  is  equal  to  the  sum 
of  the  respective  distances  of  e  and  h.  If  the  same  thing  is 
done  for  a  large  number  of  coiTesponding  points,  the  resultant 
curve  O  r  R  may  be  constructed  from  the  two  separate  curves. 
It  will  be  seen  then  that,  in  general,  the  presence  of  a  gap  in 
the  magnetic  circuit  has  the  effect  of  causing  the  magnetic 
cui've  to  rake  over,  the  initial  slope  being  determined  by  the 
air-gap. 

Effect  of  Joints. 

Being  now  in  a  position  to  calculate  the  additional  mag- 
netizing power  required  for  forcing  magnetic  lines  across  an 
air-gap,  we  are  prepared  to  discuss  a  matter  that  has  been  so 
far  neglected,  namely,  the  effect  of  joints  in  the  iron  on  the 
reluctance  of  the  magnetic  circuit. 

It  is  a  matter  purely  for  experiment  to  determine  how 

far  a  transverse  plane  of  section  across  the  iron  obstructs  the 

flow  of  magnetic  lines.     This  matter  has  been  examined  by 

Professor  J.  J.  Thomson  and  Mr.  Newall  in  the  Cambridge 

Philosophical  Society's  Proceedings^  in  1887  ;  and  more  fully 

by  Professor  Ewing,  whose  researches  are  published  in  the 
9 
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Philosophical  Magazine  for  September  1888. '  Ewing  not  only 
tried  the  effect  of  cutting  and  of  facing  up  with  true  plane 
surfaces,  but  used  different  magnetizing  forces,  and  also 
applied  various  external  pressures  to  the  joint.  For  our 
present  purpose  we  need  not  enter  into  the  questions  of 
external  pressures,  but  will  summarize  in  Table  III.  the 
results  which  Ewing  found  when  his  bar  of  wi-ought  iron  was 
cut  across  by  section  planes,  first  into  two  pieces,  then  into 
four,  then  into  eight.  The  apparent  permeability  of  the  bar 
was  reduced  at  every  cut. 


Table  III. — ^Effect  of  Joiin's  in  Wbouoht-ibon  Bab  (not  compressed). 


H 

B 

Mean  thicknesB  of 

equivalent  air- 
space for  one  cut. 

Thickness  of  iron 
of  equivalent  re- 
luctance per  cut 

Solid. 

Cut  in 
Two. 

In  Four. 

In  Eight. 

CenU- 
metres. 

Inches. 

Centi- 
metres. 

Inches. 

7-5 
15 
30 
60 
70 

8,500 
13,400 
15,350 
16,400 
17,100 

6,900 
11,550 
14,550 
15,960 
16,840 

4,809 

8,900 

12,940 

15,000 

16,120 

2,600 

5,550 

9,800 

13,300 

15,200 

0*0036 
0*0030 
00020 

0*0009 

00014 
00012 
00008 
00006 
00004 

4 

2-63 

1*10 

0*43 

0*22 

1*57 

1 

0-433 

0*109 

0-087 

Suppose  we  are  working  with  the  magnetization  of  our 
iron  pushed  to  about  16,000  lines  to  the  sq.  cm.,  i-eferring  to 
Table  III.,  we  see  that  each  joint  across  the  iron  oSgvh  as 
much  reluctance  as  would  an  air-gap  0*0005  of  an  inch  in 
thickness,  or  adds  as  much  reluctance  as  if  an  additional 
layer  of  iron  about  ^th  of  an  inch  thick  had  been  added. 
With  small  magnetizing  forces  the  effect  of  having  a  cut 
across  the  iron  with  a  good  surface  on  it  is  about  the  same  as 
though  you  had  introduced  a  layer  of  air  |{-^th  of  an  inch 
thick,  or  as  though  you  had  added  to  the  iron  circuit  about 
1  inch  of  extra  length.  With  large  magnetizing  foix^es,  how- 
ever, this  disappears,  probably  because  of  the  attraction  of 
the  two  surfaces  across  that  cut.  The  stress  in  the  magnetic 
circuit,  with  high  magnetic  forces  running  up  to  16,000  or 
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20,000  lines  to  the  sq.  cm.,  will  of  itself  put  on  a  pressure  of 
130  to  230  lbs.  to  the  square  inch,  and  so  these  resistances 
are  considerably  reduced  ;  they  come  down  in  fact  to  about 
,Vth  of  their  initial  value. 

The  above  results  of  Ewing's  are  further  represented  by 
tihe  curves  of  magnetization  drawn  in  Fig.  87.    When  the 


FlO.  87.— EWINO*S  CUBVBS  FOB  EVFBCT  OF  JOCnS. 

^^  of  a  cut  were  carefully  surfaced  up  to  true  planes,  the 
^"^^vantageous  effect  of  the  cut  was  reduced  considerably, 
^d  Under  the  application  of  a  heavy  external  pressure  almost 
^^auished. 

Eftbcts  op  H£AT. 

^hen  iron  in  a  strong  magnetic  field  is  raised  to  a  tem- 
perature above  600°  C.  it  begins  to  lose  its  magnetic  qualities, 
*^d  at  780**  C.  they  entirely  disappear.  At  temperatures 
^tween  0"*  and  100*  the  effect  of  heat  is  so  small  that  for  all 
Practical  purposes  it  may  be  neglected. 
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Residual  Magnetism. 

It  is  well  known  that  several  kinds  of  magnetic  materials 
— lodestoue,  steel,  particularly  hardened  steel,  and  hard  sorts 
of  iron — exhibit  residual  magnetism  after  having  been  sub- 
jected to  magnetic  forces.  It  is  also  known  that  closed 
circuits  of  soft  imn — even  of  the  very  softest — will  exhibit  a 
considerable  amount  of  residual  magnetism  so  long  as  the 
circuit  which  they  constitute  is  unbroken.  A  very  simple 
illustration  of  this  is  afforded  by  any  electromagnet  possess- 
ing in  its  core  and  well-iitting  armature  a  compact  magnetic 
circuit.  If  it  is  excited  by  passing  a  current,  which  is  then 
quietly  turned  off,  the  armature  usually  does  not  drop  off,  and 
may  even  require  considerable  force  to  detach  it ;  but  when 
once  so  detached  will  not  again  adhere,  the  residual  magnetiza- 
tion having  almost  entirely  disappeared.  In  like  manner  a 
iteel  horse-shoe  magnet,  if  magnetized  powerfully  while  its 
keeper  is  across  its  poles,  may  become  "  supersaturated  "  ; 
that  is  to  say,  magnetized  to  a  higher  degree  of  magnetization 
than  it  can  retain  in  permanence,  a  portion  of  this  residual 
magnetization  disappearing  the  first  time  the  keeper  is 
removed. 

Reference  to  Fig.  83  will  show  that  when  the  magnetizing 
force  H  is  gradually  increased  from  zero  to  a  high  value,  and 
is  then  gradually  decreased  to  zero,  the  resulting  internal 
magnetization  B  fii^t  increases  to  a  maximum,  and  then 
decreases,  but  does  not  come  back  to  zero.  The  curve 
descending  from  the  maximum  does  not  coincide  with  the 
ascending  curve.  In  fact,  when  the  magnetizing  force  has 
been  entirely  removed  there  remained  (in  this  specimen)  a 
residual  magnetization  of  about  47,000  lines  to  the  sq.  in.,  or 
about  7800  lines  per  sq.  cm.  It  has  been  proposed  to  give 
the  name  of  the  remanence  to  the  number  of  lines  per  sq.cm., 
that  thus  remain  as  the  residual  value  of  B*  '^^  remove  this 
remanence^  a  negative  magnetizing  force  must  be  applied. 
Suppose  enough  magnetizing  force  has  been  used,  the  cui've 
will  descend  and  cut  the  horizontal  axis  at  a  point  to  the  left 
of  the  origin ;  and  with  greater  negative  magnetizing  forces, 
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die  Bpeoimen  will  begin  to  be  magnetized  with  magnetic  lines 
running  through  it  in  the  reversed  direction.  The  particular 
value  of  the  negative  magnetizing  force  which  is  needed  to 
bring  the  remanent  magnetization  to  zero  has  been  termed  by 
Hopkinson  tht  eoerdve force.  In  the  specimen  of  wrought 
iron  in  question  the  coercive  force  (in  C.G.S.  measure^  is 
about  2.  The  force  thus  i-equired  to  deprive  any  specimen  of 
its  remanent  magnetization  may  be  taken  as  a  measure  of  the 
tendency  of  iron  of  this  particular  quality  to  retain  permanent 
magnetism.  Hard  kinds  of  iron  and  steel  always  show  more 
coercive  force  than  soft  kinds  of  iron.  For  example,  whilst 
that  of  soft  wrought  iron  is  about  %  that  of  hard  steel  may 
be  as  much  as  50. 

Hysteresis. 

Professor  Ewing,  who  has  particularly  studied  the  residual 
effects  exhibited  by  various  qualities  of  iron  and  steel,  has 
gfiven  the  name  of  hysteresis  to  this  tendency  of  the  effects  to 
lag,  in  phase,  behind  the  causes  that  produce  them.     The 
appropriate  mode  of  studying  hysteresis  is   to  subject  the 
specimen  to  a  complete  cycle  (or  to  a  number  of  successive 
cycles)  of  magnetizing  forces.     For  example,  let  the  mag- 
netizing force  begin  at  zero,  and  increase  to  a  high  value  (say 
to  H  =  200)  and  then  decrease  back  to  zero,  then  reverse  and 
increase  to  a  high  negative  value,  and  finally  return  to  zero. 
Such  a  cycle  is  given  in  Fig.  88,  which  is  taken  from  Ewing's 
^researches,  and  relates  to  a  series  of  experiments  made  with  a 
piece  of  annealed  steel  pianoforte  wire.     The  curve  begins  in 
the  centre  of  the  diagram,  and  as  H  ^s  increased  positively, 
the  curve  rises  at  first  concavely  to  the  right,  then  turns  over, 
and  when  H  =  90,  B  has  risen  to  a  little  over  14,000.     When 
H  is  then  redubed  back  to  zero  the  curve  turns  back  on  itself, 
but  does  not  fall  as  fast  as  it  previously  rose,  for  when  H  ^^ 
reduced  to  20,  Q  has  gone  down  only  to  12,000,  and  when 
H  =  0  the  remanence  is  about  10,500.    If  at  this  point  H 
had  been  again  increased  to  90,  B  would  have  run  up  again  to 
14,000,  as  shown  by  the  thin  line.     If,  however,  the  mag- 
netizing force  is  reversed,  the  cuitc  descends  to  the  left,  and 
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cuts  the  horizontal  axis  at  —  24,  which  is  therefore  the  value 
of  the  coercive  force.  On  increasing  the  reversed  magnetizing 
force  to  H  =  —  90,  the  reversed  magnetization  increases  to 
the  value  B  =  —  14,000,  or  a  little  more.  Then  when  these 
revei-sed  magnetizing  forces  are  reduced  to  zero,  the  curve 
returns  towards  the  right,  crossing  the  vertical  axi?  at 
B  =  — 10,500  (the  negative  remanence);  and  on  re-reversi^g 
the  magnetizing  force  it  is  found  that  when  H  =  +  24,  the 


Fio.  88. — Cycle  of  Maqnetic  Operations  on  Annealed  Steel  Wire. 

magnetization  is  once  more  zero.  After  this  point,  inci'easing 
H  causes  the  magnetization  to  run  up  very  rapidly,  not  quite 
following  its  former  track,  but  coming  up  as  before  to  the 
apex,  when  H  is  raised  to  the  same  maximum  of  90. 

Cycles  of  Magnetization. 


Such  cycles  of  magnetization  as  that  which  has  just  been 
described,  if  carried  out  on  any  specimen  of  iron  or  steel, 
always  yield  curves  that  exhibit,  like  Fig.  88,  an  enclosed 
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area.  This  fact  has  been  shown  by  Warburg  ^  and  by  Ewing  * 
to  possess  a  special  significance  for  the  area  enclosed  is  a 
measure  of  the  work  wasted,  per  unit  of  volume  of  the  iron, 
in  carrying  the  iron  through  a  complete  cycle  of  magnetiza- 
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Flo.  89.— Hysteresis  dy  Wrought  Iron  and  in  Steel. 

tions. '  Just  as  the  area  ti*aced  out  on  the  indicator-card  of  a 
steam  engine  is  a  measure  of  the  heat  ti-ansformed  into  useful 
work  in  the  cycle  of  operations  performed  by  the  engine,  so 
in  this  magnetic  cycle  the  area  enclosed  by  the  curve  is  a 
measure  of  the  work  transformed  into  (useless)  lieat.^ 

1  Tried.  Ann,,  xiii.  141,  1881. 

*  JVoc.  Bay.  Soc.,  xrxL  22, 1881 ;  xxxiv.  39,  1884 ;  and  xxxv.  1,  1885; 
and  Phil.  Tran8.,  1885»  pt.  ii.  528. 

*  The  proofs  of  theee  matters  are  as  foUows.  In  a  magnetic  field  of 
strength  H  it  will  require  H  units  of  work  to  move  a  unit  of  magnetism 
along  a  length  of  1  centimetre  against  the  magnetizing  forces.  Hence, 
since  there  are  4  it  magnetic  lines  to  each  unit  of  magnetism,  the  work 
done  in  one  complete  cycle  on  a  single  cubic  centimetre  of  the  iron  wiU 

1    ^ 
be  equal  to  —  J   H  d  B.    If  H  and  B  are  in  C.G.S.  units,  the  work  will 

47r 
be  given  in  ergs  per  cubic  centimetre.    Hence  if  this  number  is  multi- 
plied by  the  number  of  cycles  per  second  and  divided  by  10",  the  result 
will  express  the  number  of  watts  of  power  wasted. 
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For  the  sake  of  comparison,  a  curve  for  wi'ought  iron  and 
one  for  steel  are  given  side  by  side  in  Fig.  89.  In  all  these 
cases  the  closed  area  represents  the  work  which  has  been 
wasted  or  dissipated  in  subjecting  the  iron  to  these  alternate 

magnetizing  forces.  In 
very  soft  iron,  whera  the 
ascending  and  descend- 
ing curves  are  close  to- 
gether, the  enclosed  area 
is  small ;  and  as  a  matter 
of  fact, very  little  energy 
is  dissipated  in  a  cycle 
of  magnetic  operations. 
On  the  other  hand,  with 
hard  iron,  and  particu- 
larly with  steel,  there  is 
a  great  width  between 
the  curves,  and  there  is 
great  waste  of  energy. 
The  energy  lost  per  cycle 
depends  not  only  upon 
the  nature  of  the  mate- 
rial but  also  upon  the 
degree  to  which  the  mag- 
netization is  carried  in 
each  cycle — in  fact,  upon 
the  amplitude  of  the 
cycle. 

Ficf.  90,  taken  fron. 
J.  A.E wing's  researches,^ 
shows  the  effect  of  sub- 
jecting a  piece  of  soft 
annealed  iron  wire  to  a 
graded  series  of  reversals  beginning  with  weak  forces,  and 
gradually  increasing  the  force  until  the  limits  of  H  were 
+  7  C.G.S.  As  the  amplitude  of  the  cycle  is  increased  the 
area  of  the  cyclic  curve  increases  in  a  greater  ratio— in  other 

1  PhU,  Trans.,  1885,  p.  555. 


Fig.  90.— SuccEssnTE  Cycles  op 

INCREASING  AMPUTUDES. 
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words,  the  loss  of  energy  per  cycle  is  more  than  proper 
tionally  great  when  B  ^  increased. 

Mr.  C.  P.  Steinmetz^  has  given  the  following  law  connect 
ing  the  hjrsteresis  loss  h  in  ergs  per  cubic  centimetre  of  iron 
per  cycle  and  the  flux^lensity  B*     He  finds  that 

A-i?B" 

where  17  is  a  constant  called  the  hysteretic  constant  depending 
upon  the  kind  of  iron.  This  law  is  true  for  cycles  performed 
either  slowly  or  as  rapidly  as  200  per  second.  The  following 
table  gives  the  hysteretic  constant  17  for  different  materials  ' 
when  ordinary  frequencies  are  employed. 

HTBTESEnc  Constants  for  Different  Materials. 


Material 

1 

Hysteretic 
Constant  v.- 

1 

Material 

Hysteredo 
Constant  i|. 

Very  soft  iron  wire  . .    . . 
!  Very  thin  soft  sheet  iron. . 
Thin  good  sheet  iron 
Thick  sheet  iron       . .     . . 
Kost  ordinary  sheet  iron 
Transformer  eores   . .     . . 

•902 

•0034      ' 
•003 

•0088      1 
•004 
0046 

F 

1 

Soft  annealed  oast  steel. . 
Soft  machine  steel  . .     . . 

Cast  steel 

Oast  Iron 

Hardened  oast  steel  .. 

•006 
•0094 
012 
•016 
•025 

From  experiments  with  actual  transformer  plates  at  n  cycles 
per  second  the  hysteretic  loss  in  watts  per  cubic  centimetre  of 
iron  was  found  to  be 

W  -  00088 X  10-» X n X  B***- 

Besides  the  hysteretic  loss  in  transformer  plates,  there  is 
Also  a  loss  due  to  eddy  currents  in  the  iron.  This  varies  as 
the  square  of  the  thickness  of  the  iron,  the  square  of  the 
frequency,  and  the  square  of  the  flux-density.  Fleming  has 
obtained  by  calculation  the  formula 

Y-:X«    B*    «•    10->«, 

>j4m«r.  ImU  Elec,  Engineers,  Jan.  19th,  1802  ;  Electrician,  Feb.  ISIh, 
19tfa  and  26Ch,  1882. 

*  For  particulars  of  Swing's  Magnetic  Tester  for  measuring  Hysteresis  la 
sbeet  Iron,  see  Inst  Elec*  Engineers,  April  25th,  1805,  also  Electrician^ 

xxxiv.  786.  „  . 

9-Vol.  3 
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Y  being  the  loss  in  watts  per  cubic  centimetre  of  core  made 
up  of  the  strip,  and  X  being  the  thickness  of  the  strip  in  mils. 
Thus  we  have  the  total  loss  in  watts  due  to  both  hystei'esis 
and  eddjT  currents — 

W  =.  0-0033  n  B*«  X  10-^  +  X«  B*  «*  X  10-»«. 

This  has  been  found  to  agree  very  closely  with  practice. 
If,  as  in  a  transformer,  the  iron  is  carried  through  a  certain 
number  of  cycles  per  second,  we  have  a  continual  loss  which 
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can  be  measured  in  watts  per  lb.  of  iron,  for  the  amount  of 
waste  depends  upon  the  quantity  of  iron  magnetized. 

Plotting  the  loss  in  watts  per  lb.  of  iron  with  the  maximum 
flux-density  B?  the  curve  ^  (Fig.  91)  shows  an  ever  increasing 
slope.  From  this  it  appears  that  it  is  not  economical  to 
carry  B  to  a  very  high  value  in  transformers.  The  most 
economical  value  depends  upon  a  variety  of  circumstances 


1  Kapp,  Journ,  Inat,  Elec,  Engineers,  xxili.  207,  1894. 


Magnetic  Principles. 


139 


such  as  the  frequency  of  supply,  the  amount  of  waste  allow* 
able,  and  the  first  cost  of  the  transformer.  A  flux-density  of 
4000  is  very  usual.  It  must  be  remembered  that  by  increasing 
the  flux-density  we  can  decrease  the  cross-section  of  the  iron, 
and  thus  the  total  weight  of  iron  employed,  and  this  up  to  a 
cei-tain  point  reduces  the  loss,  although  the  loss  per  pound  is 
increased.  Another  inducement  to  increase  the  flux-density 
in  a  transformer  is  the  fact  that  for  very  small  flux-densities 
'ttie  permeability  of  the  iron  is  less  than  for  the  flux-densities 
of  about  7000.    The  curve  in  Fig.  92  shows  how  the  per- 
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meability  of  transformer-iron  increases,  as  the  flux-density 
is  increased  up  to  about  7000 ;  after  this  point  the  curre 
is  flat,  and  then  descends  again  as  higher  densities  are 
reached.  This  fact  can  indeed  be  seen  from  the  curves  in 
Fig.  90,  for  the  slope  of  a  line  joining  the  peak  of  any  cyclic 
curve  to  the  origin  gives  the  permeability  of  the  iron  for  that 
cycle  so  far  as  it  affects  the  magnetizing  current  required  in 
a  transformer.  By  increasing  the  permeability  we  make  a 
considerable  saving  in  the  energy  required  to  magnetize. 
The  following  table  gives  the  number  of  watts  wasted  by 
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hysteresis  in  well-laminated  soft  wrought  iron  when  subjected 
to  a  succession  of  rapid  cycles  of  magnetization. 


Waste  of  Power  by  Hysteresis. 


B 

B.' 

Watts  wasted 

per  cubic  foot  at 

10  cycles  per 

second. 

Watts  wasted 

per  cubic  foot  at 

100  cycles  per 

second. 

4,000 

25,800 

40 

400 

5,000 

32,250 

675 

575 

6,000 

38,700 

75 

750 

7,000 

45,150 

92  5 

925 

8,000 

51,600 

HI 

1110 

10,000 

64,500 

156 

1560 

12,000 

'    77,400 

206 

2060 

14,000 

90,300 

262 

2620 

16,000 

103,200 

824 

3240 

17.000 

109,650 

894 

3940 

18,000 

116,100 

1 

487 

.4870 

Ewing  has  given  the  following  values  of  the  energy  wasted 
in  a  magnetic  cycle  of  a  strong  magnetization  on  various  brands 
of  iron  and  steel : — 


Waste  of  Energy  by  Hysteresis. 


Brand  experimented  upon. 

Ergs  per  cubic  centimetre 

lost  in  one  complete  cycle 

of  magnetixation. 

Verv  soft  annealed  Iron      

9,800 
16,300 
60,000 
70,500 
76,000 

116,000 
94.000 

117,000 

Less  soft       "          "         

Hard  drawn  iron  wire  - ,     t  t     ■,* 

AnnAftlAd  steel  wire       

G-1aft<f  hard  st'eel  wire   .  ^     . ,     . .     , .    , . 

Pianoforte  steel  wire  (ordinary  state) 

1 

„               „         (annealed)      

„               „        (glass  hard) 

Hopkinson  found  that  oil-hardened  tungsten  steel,  the  sort 
chosen  for  making  permanent  magnets  because  of  its  great 
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coercive  force,  wasted  no  less  than  216,864  ergs  per  cubic  cm. 
per  cycle.  He  has  pointed  out  that  the  area  of  a  curve  like 
Fig.  88  is  approximately  equal  to  a  rectangle,  the  height  of 
which  is  double  the  remanence,  and  the  breadth  of  which  is 
double  the  coercive  force. 

Ewing  has  shown  that  vibration  tends  to  destroy  residual 
effects.  Also  Dr.  Finzi  has  found  ^  that  iron  cores  whilst 
traversed  by  an  alternatingelectriccuiTent  show  no  hysteresis, 
the  ascending  and  descending  cui*ves  of  magnetization  coin- 
ciding.  There  is  also  some  evidence  that  with  very  rapid 
frequenci^  there  is  less  work  wasted  per  cycle  than  there 
would  be  in  the  same  cycle  performed  slowly. 

When  an  armature  core  is  rotated  in  a  strong  magnetic 
field  the  magnetization  of  the  iron  is  being  continually  carried 
through  a  cycle^  but  in  a  manner  quite  different  from  that  in 
which  it  is  carried  when  the  magnetizing  force  is  periodically 
reversed,  as  in  the  core  of  a  transformer.  Mordey  has  found  ' 
the  losses  by  hysteresis  to  be  somewhat  smaller  in  the  former 
case  than  in  the  latter. 

Magnetic  Creeping. — Another  kind  of  after-effect  was 
discovered  by  Ewing,  and  named  by  him  ^^  viscous  hysteresis.'' 
This  is  the  name  given  to  the  gradual  creeping  up  of  the 
magnetization  when  a  magnetic  force  is  applied  with  absolute 
steadiness  to  a  piece  of  iron.  This  gradual  creeping  may  go 
on  for  half-an-hour  or  more,  and  amount  to  several  per  cent. 
of  the  total  magnetization.  This  is  a  true,  but  slow,  magnetic 
lag,  and  must  not  be  confounded  either  with  the  lag  of  phase 
discussed  already  under  the  name  hysteresis,  or  with  the 
apparent  lag  due  to  the  retardation  of  the  magnetizing  current 
resulting  from  self-induction,  or  with  the  apparent  lag  observ- 
able in  unlaminated  iron  cores  due  to  eddy-currents  circulating 
in  the  mass  of  the  iron  itself. 

Metardation  of  Mcignetizatwn. — It  has  long  been  known 
that  in  solid  cores  of  electromagnets  the  rise  and  fall  of  the 
magnetism  is  retarded  by  eddy-currents  in  the  iron,  the  outside 
part  of  the  iron  becoming  magnetized  first  when  the  current  is 

^Electrician,  xxvi.  72,  April  8.  1891. 

>  See  also  Ewing,  in  Electrician,  xxvii.  602, 1891. 
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turned  on  ;  whilst  the  magnetism  of  the  inner  parts  grows  up 
later  when  the  eddy-currents  in  the  outer  part  die  away. 
There  is  thus  a  regular  penetration  or  propagation  of  the 
magnetism  from  the  outer  to  the  inner  parts  of  the  core. 
When  the  magnetizing-current  is  cut  off  the  inner  part  is  the 
last  to  lose  its  magnetism.  In  large  dynamos  many  minutes 
may  elapse  before  the  magnetism  attains  its  maximum.  For 
this  reason  the  author  pronounced  it  useless  to  put  a  compound 
winding  upon  dynamos  with  large  solid  electromagnets  for  use 
as  electric  railway  generators.  It  is  even  possible  for  the 
mid-core  of  an  electromagnet  to  have  a  magnetization  of  re- 
verse direction  to  that  of  the  outer  layera.  The  phenomenon 
of  magnetic  retardation  in  solid  cores  has  lately  been  investi- 
gated by  Dr.  J.  Hopkinson  and  Mr.  E.  Wilson,^  using  an 
iron-clad  electromagnet  with  a  core  12  inches  in  diameter 
with  e^rploring  coils  buried  at  different  depths  in  its  substance. 
Hopkinson  showed  that  the  retardation  varies  as  the  square 
of  the  linear  dimensions.  He  also  investigated  the  effect 
when  the  magnetizing  force  was  alternated  in  periodic  cycles, 
and  found  that  the  depth  to  which  the  magnetizations  pene- 
trate depends  upon  the  frequency  (see  Chapter  XXH.). 

Slow  changes  in  the  Magnetic  Properties  of  Iron. — When 
iron  is  magnetized  for  a  long  time  by  rapidly  alternating 
currents,  its  magnetic  properties  undei*go  a  slight  change,  so 
that  the  amount  of  energy  absorbed  in  carrying  it  through  a 
given  magnetic  cycle  is  increased.  This  effect  has  been 
observed  in  connection  with  the  working  of  transformer  on 
alternate-current  systems,  and  is  due  to  a  physical  change  in 
the  iron,  which  affects  its  permeability  or  its  hysteresis  loss, 
or  both.  Whether  the  change  is  due  directly  to  the  continual 
reversal  of  magnetization  or  whether  it  is  a  secondary  effect 
caused  by  the  heating,  and  by  the  compression  that  takes 
place  with  the  expansion  of  the  iron  through  heat,  is  not 
certainly  established,  but  a  series  of  experiments  carried  out 
by  Mr.  W.  M.  Mordey,^  point  to  the  latter  cause  as  being 
sufficient  to  account  for  the  phenomenon. 

^Jaum.  Inst,  Elec.  Engineers.  Feb.  1895,  and  PhUos,  Trans,,  1895. 
^Proc,  Roy,  Soc.,  Ivii.  1894. 
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Approxdiate  Formuub  for  the  Law  of  the 

Electromaonet. 

Before  the  discovery  of  the  law  of  the  magnetic  circuit,  many 
attempts  were  made  to  find  a  working  formula  to  express  the 
amount  of  magnetism  which  is  produced  in  a  given  electromagnet 
by  an  exciting  current  of  any  particular  value.  Of  these  an 
elaborate  account  is  given  in  the  second  and  third  editions  of  this 
book.  As  they  are  not  now  used  in  dynamo  designing,  they  may 
be  very  briefly  dismissed. 

The  earliest  suggestion  of  Lenz  and  Jacobi  was  a  simple  pro- 
portion between  the  exciting  current  and  the  magnetism  pro- 
duced. This  is  equivalent  to  saying  that  the  curve  of  magneti- 
zation is  a  straight  line  sloping  upwards  from  the  origin.  Joule 
showed  that  this  law  was  not  true;  that  with  sufficient  magnet* 
izing  power  saturation  set  in.  Miiller  (followed  by  Vqp  Walten- 
hofen,  Kapp  and  others)  proposed  an  arc-tangent  formula  ; 
suggesting  that  if  the  exciting  current  be  represented  by  the 
length  of  a  straight  line  drawn  as  a  tangent  to  a  circle,  then  the 
arc  which  it  subtends  will  represent  the  amount  of  magnetism 
which  results.  This  gives  a  saturation  limit,  but  fails  to  represent 
the  facts  in  the  earlier  stages  of  magnetization.  Lament,  from 
theoretical  considerations,  proposed  an  exponential  formula, from 
which  he  deduced  an  approximate  expression  equivalent  to  the 
statement  that  the  permeability  \a  at  all  stages  proportional  to 
the  difference  between  the  actual  amount  of  magnetism  and  its 
possible  maximum  amount.  Lamont's  formula  was  revived  by 
Frolich.i  and  largely  used  in  various  forms  by  various  writers, 
including  the  author  of  this  book.  Let  us  make  the  supposition 
that  the  magnetic  flux  N  will  have  at  complete  saturation  a 

maximum  value  Nt  and  that  the  magnetizability  of  the  magnet 
at  any  stage  is  proportional  to  the  room  left  for  magnetic  lines, 

that  is  to  N  ~  N.  Now,  writing  S  for  the  number  of  spirals  and 
C  for  the  current  flowing  in  them,  we  get  S  C  for  the  ampere- 
turns  of  exciting  power,  and  N  "^  S  C  will  be  the  ratio  of  magnet- 
ism to  magnetizing  power  or  magnetizability.  We  may  then 
write 


N_N-N, 
sc  h 

I 

*  Elektroiechnische  Zeitschrift,  pp.  90,  139,  170,  1881,  and  p.  73,  1882. 
See  also  Dr.  Frolich's  book,  Di*i  dynamoelektrische  Mattchinen,  Berlin,  1886 
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where  %  is  a  constant  of  the  particular  electromagnet.  By  simple 
transformation  this  equation  becomes 

and  it  is  clear  that  the  meaning  of  /i  is  that  particular  number  of 
ampere-turns  which  will  reduce  the  magnetizability  to  half  its 
initial  value,  or  will  bring  up  the  magnetism  to  half -saturation. 

This  number  of  ampere-turns  the  author  named  the  diacritical 
number,  and  the  number  producing  half -saturation  he  called  the 
diacritical  current.  Dr.  Frolich  has  independently  made  use  of 
his  conception,  and  has  applied  it  in  his  formula  for  dynamos. 
The  argument  is  his;  the  notation  here  used  is,  however,  the 
author's. 

This  formula,  though  it  does  not  take  into  account  the  difference 

between  ascending  and  descending  magnetizations,  is  quite  good 

enough  to  serve  as  a  first  approximation,  and  is  therefore  useful. 

As  pointed  out  by  Fleming*  and  by  Kennelly,*  the  justification 

of  it  is  to  be  found  in  the  circumstance  that  the  reluctivity  (or 

reciprocal  of  the  permeability)  is  very  nearly  a  simple  linear 

function  of  H  • 

Magnetic  Untts. 

While  these  pages  are  going  through  the  press  the  Standards 
Ck>mmittee  of  the  British  Association  has  proposed  the  adoption 
of  a  unit  of  magnetic  flux  under  the  name  of  the  iveber,  equal  to 
10^  magnetic  lines  of  the  C.G.S.  system.  The  line  is  itself  a  unit 
of  magnetic  flux;  but  is  too  small  to  be  convenient  in  many  cases 
as  a  unit.  But  the  multiples  kiloline  for  one  thousand  lines,  and 
megaUne  for  one  million  lines  are  terms  which  have  been  found 
convenient  by  dynamo  designers.  One  weber  is  therefore  equal  to 
100  megalines.  This  magnitude  has  been  chosen  to  correspond  to 
that  of  the  volt  (compare  p.  170) ;  so  that  a  wire  cutting  1  weber 
per  second  will  have  induced  in  it  an  electromotive-force  of  1 
volt.  The  Standards  Ck>mmittee  also  proposes  the  name  gauss 
for  the  C.G.S.  unit  of  magnetic  potential;  being  equal  to  10  -^  4  ^ 
of  an  ampere-turn.  To  convert  ampere-turns  into  gausses  one 
must  multiply  by  4  ^  -r  10,  or  by  1*257. 

It  should  be  remarked  that  the  American  Institute  of  Electrical 
Elngineers  has  proposed  the  name  weber  to  denote  1  line  instead 
of  10^  lines;  and  that  it  has  proposed  the  name  gilbert  for  the 
unit  now  called  the  gauss,  while  it  has,  unfortunately,  proposed 
the  term  gauss  as  the  name  of  a  unit  of  flux-density  to  mean  a 
density  of  1  line  per  square  centimetre. 

1  Joum,  Inst,  Elec,  Engineers,  xv.  570,  188d. 
3  Electrical  World,  xvii.  S-k^,  1S91. 
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CHAPTER  VII. 

THB  MAONErriO  CrBCUIT. 

Knowino  tbfl  mi^etio  properties  of  the  materials  with 
which  we  have  to  deal,  we  are  in  a  position  to  calculate  the 
number  of  ampei-e-tums  necessaiy  to  produce  the  desired 
flux  in  the  m^netio  circuit  of  a  dynamo  of  any  given  shape 
and  dimensions.    The  magnekomotive-force  M,  which  isequal 
to  1-257  times  the  .anjpere-turos  C  P    depends  upon  the 
relactance  R  of  the  circuit,  and 
tbeamountof  flux  N  required. 
We  in  fact  have  the  general 
equation 

M  =  NR. 

But  as  the  total  reluctance  is 

made  up  of  the  reluctances  of 

various  parts  of  the  circuit  in 

series  with  one  another,  and 

which  do  not  necessarily  cany 

the  same  amount  of  flux,  it  is 

convenient    to    consider    the 

parts    separately.     Referring 

to  Fig.   98,  which    gives    a 

diagrammatic    view    of    the 

magnetic  circuit  of  a  bipolar 

dynamo,  we  have  three  parts,  namely  an  iron  armature-core, 

the  two  air^ps,  and  the  iron  fleld-magnets. 

If  the  average  length^  of  the  path  for  the  magnetic  lines  in 
the  armature  core  is  denoted  by  J,  and  the  average  sectiooal 

*  For  an  example  in  the  estimatioD  of  these  lengths  and  areas,  see  p.  <'!'-i> 
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*rea  by  Aj^  and  the  peimeability  by  //j,  the  reluctance  of  the 

U 
core  will  (see  p.  119)  be 7 — .     The  total  flux  N  through 

the  armature  divided  by  A^  gives  the  flux-Kiensity  Bi  s^ 
that  At  J  can  be  ascertained  from  the  permeability  curve  of  the 

material  used.  Then  - — -^  gives  the  magnetomotive-force 
required  to  drive  the  flux  through  the  armature  core.  Simi- 
larly — T — -  (where  l^   and  Ag   are   the   length  and  area 

respectively  of  one  of  the  air-gaps)  gives  the  magnetomotive- 
force  required  to  drive  the  flux  through  the  two  air-gaps. 
The  flux  through  the  field-magnets  is  greater  than  that 
through  the  armature,  owing  to  magnetic  leakage.  As  will 
be  seen  below  we  are  able  to  express  the  average  flux  through 
the  field-magnet  in  the  form  v  W^  where  t;  is  a  number 
(generally  about  1'3)  which  can  be  ascertained  from  the 
shape  of  the  magnet  (see  p.  151).  Having  found  the  perme- 
ability /ig  of  the  material  of  the  field-magnet  when  cariying 

the  flux  V  W  through  the  area  A*,  we  can  write r-  for 

the  magnetomotive-force  required  for  this  part  of  the  circuit. 
Then  the  total  ampere-turns  required  will  be 

SC M    _     N      (    ^       I    ^^2    1    ^^    \ 

1-257        1-257  l/*iA,  "^   K^        y-z^A' 

This  method  of  calculation  is  substantially  that  proposed 
independently  in  1886  by  Dra.  J.  and  E.  Hopkinson,  and  by 
Mr.  Kapp.  But  the  Hopkinsons  went  much  further  in  their 
investigation.  They  plotted  a  separate  curve  for  the  relation 
between  the  magnetomotive-force  and  the  flux  for  each 
separate  part  of  the  magnetic  circuit,  and  then  summed  up  the 
separate  curves  so  as  to  obtain  a  final  resultant  characteristic 
curve.  This  is  done  first  on  the  assumption  that  there  is  no 
magnetic  leakage ;  and  after  a  first  approximation  has  thus 
been  obtained,  the  theoretical  result  is  compared  with  the 
actual  result  of  experiment,  thereby  affording  a  means  of 
estimating  the  corrections  that  must  be  introduced. 
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As  a  matter  of  fact,  the  Hopkinsons  stated  their  formula 
a  little  more  generally.  Instead  of  assuming  the  existence  of 
A  for  the  different  parts,  they  contented  themselves  with  say- 
ing that  the  flux-density  in  each  paH  must  be  some  function 
of  the  magnetic  force  acting  in  that  part.  Now,  if  there  be  a 
flux  of  W  magnetic  lines  passing  through  area  A  square  cen- 
timetres, the  flux-density  Q  will  be  equal  to  NM*  Accord- 
ingly, we  may  write  for  the  magnetomotive-force  acting  in 

the  armature  part  of  the  magnetic  circuit/  ( -r-  }  X  ij,  which 

^function  "  may  be  examined  and  plotted  out  as  a  curve.  In 
fact  the  curves  of  magnetization,  such  as  are  given  on  p.  128, 
are  nothing  else  than  curves  which  show  the  relation  between 
the  magnetizing  forces  and  the  amount  of  magnetism  they 

induce.     There  will  be  a  similar  expression/  (  t- )  X  ^3  for 

the  magnetomotive-force  that  acts  in  the  field-magnet  part, 
whilst   for  the  gaps    the    magnetomotive-force    is    simply 

T-  X  2  Z«  ;  for  the  function  for  air  =  1.     The  whole  or  inte- 

gral  magnetizing  force  will  be  got  by  adding  together  the 
separate  terms 

This  mode  of  stating  the  matter  has  the  following  advan- 
tages : — (1)  The  use  of  the  function  of  which  the  value  is  to 
be  found  by  reference  to  a  curve  or  tabulated  set  of  observa- 
tions (such  as  those  given  in  the  preceding  chapters,  instead 
of  merely  using  the  symbol  y^,  makes  the  expression  more 
general ;  (2)  the  separate  terms  being  differently  affected  by 
leakage  of  the  magnetic  lines,  it  is  easy  to  apply  corrections 
separately. 

If  then  we  plot  out,  separately,  curves  for  each  of  the 
three  terms,  so  as  to  show  separately  the  numbers  of  ampere- 
turns  required  to  drive  different  amounts  of  magnetic  flux 
through  each  of  the  separate  parts  of  the  circuit,  we  may  then 
combine  them  in  a  resultant  curve.    Having  in  this  way  built 
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up  a  curye  characteristio  of  the  magnetization,  the  Hopkin- 
sons  then  proceeded  to  correct  it  by  considering  the  leakage. 
They  found  that  in  the  dynamo  experimented  upon  (an 
Edison-Hopkinson)  only  about  three-fourtlis  of  the  magnetic 
lines  created  in  the  field-magnet  actually  passed  through  the 
armature-core,  the  rest  leaking  across  either  between  the  pole- 
pieces  through  the  air  or  the  bed-plate,  or  else  turning  back 
from  the  pole-pieces,  to  the  yoke  at  the  top.  Experiment 
gave  the  ratio  of  the  magnetic  flux  at  a  point  half-way  up  the 
upright  iron  cores  to  the  flux  through  the  armature  as  1*32. 
Let  the  symbol  v  stand  ^  for  this  ratio.  Then  in  the  parti- 
cular dynamo  experimented  on  there  was  a  yoke  at  the  top 
through  which  the  length  of  (curved)  path  was  Z4,  and  which 
had  cross-section  A 4.  There  were  also  solid  pole-pieces,  for 
which  the  corresponding  quantities  were  called  l^  and  A5. 
Inserting  these  additional  mattei^  into  the  equation,  it  now 
becomes 

=  4  ir  S  C  -MO. 

There  are  now  five  terms  to  be  calculated,  giving  five 
curves  (Fig.  94).  Moreover,  as  is  well  known, with  descending 
magnetizing  f oi*ces  the  curve  of  magnetization  is  different  from 
the  curve  with  ascending  magnetizing  forces.  Fig.  94,  which 
is  taken  from  the  Hopkinsons'  paper,  shows  how  they  plotted 
out  both  for  ascending  and  descending  magnetizations  the  five 
curves.  Of  these,  A  relates  to  the  armature,  B  to  the  two 
interstitial  gaps,  C  to  the  field-magnet  cores,  G  to  the  yoke, 
and  H  to  the  two  pole-pieces.  To  obtain  the  resultant  curve 
the  abscissae  at  any  particular  level  must  be  added  together. 
For  example  :  for  a  flux  of  12  millions  of  magnetic  lines,  the 
air-gaps  (curve  B)  required  about  17.500  ampere-turns,  the 
magnetK5ores  (curve  C)  6000,  the  yoke  (curve  G)  about  1000, 
and  the  armature  (curve  A)  about  300,  making  a  total  of 
23,800,  which  is  accordingly  plotted  off  to  the  right.     The 

^  It  can  be  determined  experimentally,  or  calculated  as  hereafter  shown* 
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resultant  curve  is  swept  through  the  points  so  calculated. 
The  resultant  ascending  and  descending  curves  are  both 
shown.  They  agree  remarkably  well  with  the  crosses  and 
points  which  were  plotted  out  from  actual  experiment.    The 
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dotted  curves  and  the  crosses  surrounded  with  circles  relate 
to  descending  magnetizations.  The  student  should  not  fail 
to  consult  the  original  paper. 

The  position  of  the  magnetizing  coils  on  the  magnetic 
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circuit  is  a  matter  of  some  importance.  The  electric  and 
magnetic  circuits  being  interlinked  wherever  the  coils  are 
placed  they  will  exert  the  same  total  magnetomotive-force, 
but  it  is  well,  in  view  of  the  occun*ence  of  magnetic  leakage, 
to  place  the  coils  as  near  as  possible  to  that  part  of  the  mag- 
netic circuit  where  the  magnetomotive-force  is  required.  As 
has  been  pointed  out  above  (p.  119),  when  there  are  several 
coils,  their  magnetomotive-forces  will  only  be  added  together 
if  they  are  interlinked  with  the  same  magnetic  circuit ;  and 
therefore  when  a  double  magnetic  circuit  is  employed  (as  in 
a  dynamo  of  the  Manchester  type,  for  instance),  each  branch 
of  the  circuit  requires  to  be  wound  with  sufficient  ampere- 
turns  to  give  the  required  difference  of  magnetic  potential 
between  the  poles.  Thus,  other  things  being  equal,  twice 
as  much  power  is  wasted  in  the  field-magnet.  However,  as 
the  girth  of  each  branch  is  less  than  the  girth  of  a  single 
circuit,  it  is  not  necessary  to  use  quite  twice  as  much  copper 
in  winding  in  order  to  have  the  same  loss  per  coil.  In  cases 
where  several  magnetic  circuits  are  required,  as  in  a  multi- 
polar field-magnet,  it  is  sometimes  convenient  to  have  onjy 
one  magnetizing  coil  and  interlink  all  the  magnetic  circuits 
with  it;  such  an  arrangement  is  shown  in  Fig.  425.  It 
would  even  be  possible  to  wind  the  magnetic  circuit  several 
times  round  the  electric  circuit. 

Leakaod  op  Magnetic  Lines, 

Whenever  there  exists  a  difference  of  magnetic  potential 
between  two  points,  a  certain  number  of  magnetic  lines  will 
pass  from  one  to  the  other,  whatever  the  medium  between 
them  may  be.  Thus,  with  a  dynamo  field-magnet  between 
the  poles  of  which  it  is  necessaiy  to  maintain  a  high  difference 
of  magnetic  potential  a  large  number  of  lines  will  pass  through 
the  air  from  pole  to  pole,  instead  of  going  through  the  arma- 
ture, leaking  out  sideways  and  constituting  a  stray  field. 

It  should  be  borne  in  mind  that  magnetic  leakage  from  the 
field-magnet  of  a  dynamo  does  not  cause  any  waste  of  energy 
except  in  so  far  as  it  necessitates  a  large  numl)er  of  ampere- 
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turns  by  increasing  the  flux-density,  and  therefore  the  drop  in 
magnetic  potential  in  the  magnet  core.  In  those  cases  where 
the  i*eluctance  of  the  iron  core  is  very  small  as  compared 
with  other  parts  of  the  magnetic  cii-cuit,  leakage  does  no 
harm.  In  field-magnets  of  alternators  of  the  type  shown  in 
Figs.  377  and  425  the  leakage  is  enormous,  but  it  is  of  no 
consequence  so  long  as  the  requisite  difference  of  magnetic 
potential  can  be  maintained  between  the  poles  without  an 
undue  expenditure  of  exciting  current. 

The  ratio  of  total  field  to  useful  field  is  known  as  the 
eoeffieient  of  leakiige  and  denoted  by  symbol  v.  The  following 
are  its  values  in  sundry  types  of  machines. 

Stray  Field  in  Different  Dynamos. 


Name  of  Machine. 


Edison-Hopkinsoa 

Edison  (American) 

€reneral  Electric  Co. 
Kapp 

Siemens 

Manchester     . .     . . 

Ferranti 


Field. 


Armature. 


Bipolar 

Bipolar 

Multipolar 
Bipolar 

Bipolar 


I 


2-pole 

Double  Magnet  J  Coreless 
multipolar  Disk 


cast  together 

Ordinary  pattern 
(alternating) 


Drum       Poles  next  bed- 
plate 

Drum       Poles  next  bed 

plate 

Drum        Direct-driven         1  '25 

Drum       Yoke  next  bed-       1  -30 
plate  ' 

Drum       Yoke  next  bed-  '    1*30  ' 
plate  J 

Double  Magnet,  Long  King  Bed  and  one  pole,     1*49 


Remarks. 


Value 
of  f. 


1-82  ' 
1-4 


2-00 


In  a  series  of  machines  of  any  given  type,  the  leakage 
factor  is  less  in  the  larger  sizes.  For  instance,  in  the  bipolar 
Edison  dynamos  it  varies  from  2  •  0  in  the  100-watt  machine 
to  1  •  20  in  the  300  kilowatt  machine.  In  large  multipolar 
machines,  with  inward-pointing  poles,  the  coefficient  varies 
from  1  •  5  in  a  2-kilowatt  4-pole  machine  to  1  •  15  in  a  2000- 
kilowatt  machine. 

The  stray  field  around  a  dynamo  may  be  explored  by 
moving   a  compass-needle   about   in  it.      A  method  of   ex- 
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ploring  the  effect  in  the  neighborhood  o£  dynamos  has  been 
perfected  by  Messrs.  Edser  and  Stansfield.^  They  found  that 
the  stray  field  immediately  behind  one  of  the  polea  of  a  Kapp 
bipolar  dynamo  had  a  value  of  about  300  C.G.S.  units.  At 
a  distance  of  5  inches  away  along  a  horizontal  line  at  right 
angles  to  the  shaft,  it  has  fallen  to  160,  at  10  inches  to  80,  at 
20  inches  to  22,  and  at  30  inches  to  5  units.  Fig.  95  depicts 
the  general  direction  of  the  magnetic  lines  that  leak  from  an 
Edison-Hopkinson  dynamo.  It  will  be  noted  that  leakage 
takes  place  in  other  ways  than  from  pole  to  pole.    There  is  a 


Yia.  OS.— Stkat  FmLD  or  is  Edisom-Hopkissoh  Dthaxo. 

tendency  for  m^netio  lines  to  leak  from  the  pole-pieces  to 
the  yoke  at  the  top.  The  cast-iron  bed-plate  being  in 
proximity  to  the  two  poles  (where  the  difference  of  magnetic 
potential  is  greatest)  promotes  leakage  through  itself,  even 
though  the  machine  is  mounted  on  a  zinc  footstep. 

Many  machines  have  been  examined  as  to  their  m^netio 
leakage   by  Carl  Hering,'  who  also  has  given  drawings  of 

1  fleetrMoa,  xxlz.  116,  June  3,  1802. 
■ZleetHeal  Hetiea,  zxl.  186  kA  205,  VSSl, 
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them.  An  extmordiuary  case  was  found  to  bo  afforded  by 
the  stray  field  of  the  Thomson-Houston  arc  lighting  dynamo 
(Fig.  311).  The  reader  should  also  refer  to  some  experiments 
by  Carhart,^  and  to  others  by  Trotter,^  Wedding,^  Puffer,* 
Mavor,*  and  Wiener.^ 

It  is  evident  that  tlie  leakage  coefficient  cannot  be  constant 
ill  a  given  machine,  for  the  amount  of  leakage  depends  on  the 
relative  permeance  of  the  path  through  the  armature  core  and 
of  the  stray  paths  outside.  Now  the  permeability  of  air  is  a 
constant,  whilst  that  of  the  iron  cores  decreases  as  the  degree 
of  saturation  is  raised ;  so  that  the  leakage  increases  with 
higher  excitation.  Also  when  a  large  current  is  dmwn  ixoxsL 
the  armature,  the  demagnetizing  reaction  of  the  armature 
current  directly  promotes  leakage,  as  it  raises  an  opposing 
magnetomotive-force  in  the  direct  path  of  the  magnetic  lines. 
Moreover,  since  leakage  takes  place  more  or  less  all  over  a 
magnet,  it  is  clear  that  what  we  call  the  coefficient  of  leakage 
is  only  a  sort  of  average. 

By  experiment  we  may  determine  the  actual  value  of  the 
leakage  ratio  in  various  parts.  Dra.  J.  and  E.  Hopkinson  did 
this  for  a  "  Manchester"  dynamo,^  using  exploring  coils  placed 
around  the  field-magnet  of  the  dynamo  in  various  positions. 
The  number  of  magnetic  lines  which  were  thus  enclosed  was 
ascertained  b}'  suddenly  cutting  off  the  exciting  current  and 
noticing  the  resulting  induction  current  in  a  suitable  galvano- 
meter. A  still  more  complete  examination  was  made  by 
Lahmeyer®  on  an  iron-clad  dynamo  (Fig.  96).  In  this  case 
six  separate  exploring  coils,  each  having  the  same  number  of 
turns,  were  used.  That  surrounding  the  annature,  enclosing 
the  useful  field,  is  called  A,  the  others  being  numbered.     The 

^  Electrical  Review,  xxv.  286  ;  and  Electrician^  xxiil.  644,  1SS9. 

*  Journal  Inst.  Electrical  Engineers,  xix.  243,  181)0. 
«  Elektrotechnische  Zeitschr\ft,  xiii.  67,  1892. 

*  Electrical  Revietc,  xxx,  487,  1892. 

*  Electrical  Engineer,  xiii.  428,  1894.     '*  New  Points  in  Dynamo  Design." 
8  Electrical  World,  xxiv.  647,  Dec.  22,  1894. 

^  See  their  paper  in  Phil.  Trans,,  Parti.  331, 18S6 ;  and  Electrician,  xviiL 
39,  63,  86  and  175,  Nov.  and  Dec.  1886. 
^  Elektrotechnische  Zeitschrift,  ix.  283,  1887. 

10— Vol.  3 
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deflexions  obtained  are  given  in  column  2  of  the  foUowing 
table.  The  maximum  flux  wns  found  at  3.  Taking  this 
number  as  100,  (lie  percentages  of  leakage  at  the  coils  are 
given  in  column  3.    In  goIujdu  4  aie  given  the  various  fluxes. 


.Flo.  96.— EiPLOMKa  the  MAoiwno  Leakaoe  of  a  Dthaho. 

taking  that  through  A  as  100,  and  in  column  5  the  values  of 
v  at  the  various  parts.  It  is  clear  that  the  yoke  parts  wen 
of  insuf&cieiit  thickness. 


A 

T80 

10-9 

100 

1 

L 

788-5 

10- J 

101 

1-01 

n. 

861 

1-6 

110' 

1-10 

m. 

876 

0 

118 

113 

IV. 

890 

SO 

100 

1-09 

V. 

749 

14-5 

86 

0-96 

In  the  case  of  the  Edison-Hopkinson  dynamo,  the  Hop- 
kinsoDS  give  l'S2  for  v,  this  being  the  ratio  observed  between 
the  throw  when  the  exploring  coil  was  placed  half-way  up  the 
magnet  limbs  and  when  it  was  placed  around  the  armaturs. 
If  the  exploring  coil  had  been  placed  higher  up,  and  if  the 
armature  had  been  excited  so  as  to  exeit  a  demagnetizing 
action,  the  leakage  coefficient  would  have  been  found  to  be  at 
least  1-4. 
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Calculation  of  Leakages. 

It  IS  possible  to  predetennine,  from  the  working-drawings 

of  a  dynamo  before  it  is  built,  the  probable  amount  of  leakage. 

Calculations  of  the  leakage  are  based  upon  the  principle  that 

where  a  circuit  offei*s  alternative  paths,  the  magnetic  flux  will 

divide  itself  between  the  paths  in  the  proportion  of  their 

relative  facility  for  flow,  exactly  as  an  electnc  current  divides 

where  there  are  alternative  conducting  paths.     In  fact,  the 

hiwof  shunts  has  been  found  to  hold  good  for  magnetic  lines. 

The  reader  should   consult  the   researches  of  Ayrton   and 

Peny^  on  this  point.     It  follows  that  along  any  bmnched 

path  the  joint  permeance  ^  (or  magnetic  conductance)  will  be 

the  sum  of  the  permeances  of  the  separate  paths.     Hence,  if 

the  pei-meances  of  the  separate  paths  of  the  useful  and  waste 

magnetic  fluxes  of  a  dynamo  are  known,  the  coefficient  of 

allowance  for  leakage,  r,  can  be  calculated,  it  being  the  ratio 

of  the  total  flux  to  the  useful  flux.     Call  the  useful  flux  %i 

and  the  wasteful  flux  %v ;  then 

But  each  of  these  is  a  complicated  quantity ;  therefoi-e  the 
more  complete  formula  is 

Wi  4-  «a  +  ^3  +     •     '     •     • 

In  order  to  determine  the  separate  permeances  along  the 
various  leakage  paths,  we  must  resort  to  some  useful  rules  or 
lemmas  originally  suggested  by  Professor  Forbes,®  which 
consist  in  certain  approximate  integi-ations.  For  the  con- 
venience of  British  engineei-s  the  values  have  been  recalcu- 
lated into  inch  measures  instead  of  centimetre  measures. 

*  Journ,  Soc,  Teleg,  Engineers  and  ElectricianSj  530,  1S86. 

^  Permeance  is  of  coarse  the  reciprocal  of  magnetic  reluctance  ;  just  as 
eltK^ricity  conductance  is  the  reciprocal  of  electric  resistance. 

•  Journ.  Soc.  Teleg.  Engineers^  xv.  551,  1886. 
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Rule  L — Permeance  between  two  parallel  areas  facitig  one 
another.  Assume  (Fig.  97)  th<it  tlie  magnetic  lines  are 
straight  and  equally  distributed  over  the  surfaces  :  then, 

Permeance  =  34918  X  mean  area  (square  inches)  -:-  distance 

(inches)  between  them 

-l-596X(A/'XA/0^^". 


■w*  3j  •') 


■^^-^ 


L  •   il  I   «  V  •  i  •   •    • 


.^*' 


•■  :t  ■ 


//'    /    '    ,'f *.   V  *     *     ^      /t' 


I 


S-  ■ 


-d-. 


Fig.  97. 


Fio.  98. 


Rule  U. — Permeance  between  ttvo  equal  adjacent  rectangidar 
areas  lying  in  one  plane.  Assuming  (Fig.  98)  lines  of  leak- 
age to  be  semicircles,  and  that  distances  d^"and  rf^"  between 
their  nearest  and  furthest  edges  respectively  are  given  ;  also 
a"  their  width  along  the  parallel  edge  : — 

(/  " 
Permeance  =  2-274  X  a"  X  logio  -jV/  • 


FA 
lb. 


Rule  III, — Permeance  betiveen 
two  equal  parallel  rectangular 
areas  lying  in  one  plane  at  some 


f<..AV.V..'^^.V. .!.!..    J"      distance  apart.     Assume  (Fig. 

99)  lines  of  leakage  to  be  quad- 
rants joined  by  straight  lines. 


Fia.  99. 


Permeance  =  2-274  X  «"  X  log^o  S 1  +  ""  ^'^\  „  '^^''^  \  • 

Rule  IV, — Permeance  between  two  equal  areas  at  right- 
angles  to  one  another. 

Permeance  =  double  the  respective  values  calculated 
by  II. 
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If  ineiU)Ures  are  given  in  centimetres  these  rules  become 

tlie  following : — 

I.  (i  Ai+Aj)-T-rf. 
II.  -hyp.  log.^. 


m.ih,p.iog.(.+'-^j^) 


Using  these  rules  to  pi-edetermine  the  leakage  to  fly- 
wheels, pedestals  and  shafts,  it  is  possible  from  the  working 
drawings  to  predict  the  performance  of  a  machine  to  within 
2  per  cent. 

The  author  has  given  (in  his  work  on  The  Electromagnet) 
some  further  rules,  including  the  case  of  leakage  between 
two  pai-allel  cylindrical  limbs. 

In  the  fourth  edition  of  the  present  work  an  example  of 
the  application  of  these  rules  to  the  calculation  of  the  leakage 
of  an  actual  dynamo  was  given  in  great  detail. 
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CHAPTER  VIII. 

FORMS   OF  FDELD-MAGNETS. 

With  the  principle  of  the  magnetic  circuit  to  guide  him,  the 
reader  will  have  little  difficulty  in  judging  of  the  relative  value 
of  the  various  designs  of  field-magnets ;  for  he  will  remember 
that  the  magnetic  circuit  of  highest  permeability  will  have  the 
most  compact  form,  greatest  cross-section,  softest  iron,  and 
fewest  joints.  In  many  cases,  however,  the  structure  which 
acts  as  magnet  has  also  to  do  duty  as  a  framework,  involving 
other  considerations.  Theoretically  it  is  better  tliat  the  field- 
magnet  of  a  simple  2-pole  machine  should  be  constituted  of 
a  single  magnetic  circuit  than  of  two  (see  p.  150)  ;  though  for 
practical  structural  reasons  the  double  circuit  is  prefemble  in 
some  cases.  A  double  circuit,  that  is  to  say  one  resembling 
No.  3  or  No.  8  of  the  accompanying  Fig.  100,  lias  in  general 
the  advantages  that  it  affords  a  more  stable  framework,  and 
that  its  magnetic  field  is  less  liable  to  distortion  than  that  of 
No.  2.  These  points  should  be  bonie  in  mind  in  considering 
the  fomis  depicted  in  the  accompanying  figures.  No.  1  of 
these  illustrations  shows  the  form  adopted  by  Wilde  for  use 
with  the  shuttle-wound  armature  of  Siemens.  Two  slabs  of 
iron  are  connected  at  the  top  by  a  yoke,  and  are  bolted  below 
to  two  massive  pole-pieces.  There  are  four  joints  in  the 
magnetic  circuit  in  addition  to  the  armature  gaps,  and  the 
yoke  is  insufficient.  No.  2  shows  the  form  adopted  in  the 
Edison  dynamos  (standard  bipolar  pattern).  The  upright 
cores  are  stout  cylinders.  The  yoke  is  of  immense  thickness ; 
the  pole  pieces  are  massive,  but  their  lower  coniera  are  cut 
away.  There  are  as  many  joints  as  in  Wilde's  form ;  but 
such  a  circuit  should  possess  a  far  higher  magnetic  con- 
ductivity than  Wilde's,  owing  to  the  greater  cross  section. 
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One  difficulty  with  such  single  circuit  forms  is  liow  to  mount 
them  upon  a  suitable  bed-plate.    If  mounted  on  a  bed-plate 


of  iron,  considerable  fraction  of  the  magnetism  will  be  short- 
circuited  away  from  the  armature,  as  has  been  shown  in  the 
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preceding  chapter.  In  the  larger  form,  No.  10,  used  at  one 
time  by  Edison,  this  difl&culty  was  only  partially  obviated  by 
turning  the  magnets  on  one  side. 

A  favorite  type  of  field-magnet,  having  a  double  magnetic 
circuit  with  "  consequent  "  poles,  is  represented  in  No.  3 ;  it 
was  introduced  by  Gi-arame.  It  may  be  looked  upon  as  the 
combination  of  two  such  forms  as  No.  1,  with  common  pole- 
pieces.  Nos.  3  to  9  may  be  looked  upon  as  modifications  of 
a  single  fundamental  idea.  No.  4  gives  the  form  used  in  the 
Brush  dynamo  (plan),  the  two  magnetic  circuits  converging 
upon  the  ring  armature.  The  diagram  will  serve  equally  for 
many  forms  of  flat-ring  machine  ;  but  in  most  of  these  the 
poles  at  the  two  flanks  of  the  ring  are  joined  by  a  common 
hollow  pole-piece,  embracing  a  portion  of  the  periphery  of  the 
ring.  No.  5  shows  an  early  form  of  Siemens,  with  arched 
ribs  of  wrought  iron,  having  consequent  poles  at  the  arch. 
The  circuit  is  here  of  insufficient  cross  section.  No.  6  depicts 
a  form  adopted  by  Weston :  and  very  similar  forms  have  been 
used  by  Crompton,  and  by  Paterson  and  Cooper.  There  is  a 
better  cross-section  liere.  No.  7  ic  a  form  used  by  Burgin 
and  Crompton,  and  diffei-s  but  slightly  from  the  last.  It  has 
one  advantage — that  the  number  of  joints  in  the  circuit  is  re- 
duced. No.  8  is  a  form  used  by  Crompton,  Kapp  and  others. 
No.  9  is  the  form  adopted  in  the  littlo  Griscom  motor.  No.  18 
is  a  further  modification  due  to  Kapp.  No.  10,  which  also 
has  consequent  poles,  was  used  by  McTighe,  by  Joel,  and  by 
Hopkinson  (*'  Manchester  "  dynamo),  b)'-  Clark,  Muirhead  & 
Co.  ("  Westminster"  dynamo),  by  C.  E.  L.  Brown  (Oerlikon), 
and  in  some  of  Sprague's  motors  ;  but  witli  slight  differences 
in  proportions  of  the  details.  The  main  difference  between 
No.  19  and  No.  6  lies  in  the  position  selected  for  placing  the 
coils.  No.  19  requiring  two.  No.  6  four.  No.  20,  which  is  a 
design  of  Elwell  and  Parker,  is  a  further  modification  of 
No.  3,  and  would  be  improved  by  having  a  greater  cross- 
section.  In  No.  3  (Gramme),  it  is  usual  to  cast  the  pole-pieces 
and  end-plates,  but  to  use  wrought  iron  for  the  longitudinal 
cores.  The  requisite  polar  surface  must  be  got  by  some 
means,  and  when  the  core  was  made  thin,  the  two  courses 
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open  were  either  to  fasten  upon  the  core  a  massive  pole-piece 
(Xos.  1,  3,  4,  6,  7,  19,  20),  or  else  to  arch  the  core  No.  5  so 
that  its  latei-al  surface  was  available  as  a  pole.     Now,  how- 
ever, that  it  is  known  that  massive  cores  are  of  advantage,  the 
requisite  polar  surface  can  be  obtained  without  adding  any 
polar  expansion  or  "  piece,"  but  by  merely  shaping  the  core 
to  the  requisite  form  (No.  8).     This  must  not  be  regarded  as 
a  thinning  of  the  mjignet;  for  though  mere  reduction  of  cross- 
section  at  any  part  of  the  circuit  would  reduce  the  magnetic 
conductivity,  reduction  of  the  thickness  for  the  purpose  of 
bringing  the  armature  more  closely  into  tlie  circuit  will  have 
quite  the  opposite  effect.     In  fact  the  horizontal  bare  above 
and  below  the  armature  might  be  thinned  away  to  nothing  at 
their  middle  point,  but  for  structural  reasons.     In  all  such 
forms  of  double  Ktagnetic  circuit  each  half  of  the  field-magnet 
may  be  regarded  as  having  to  furnish  magnetic  lines  to  its 
own  half  of  the  armature.     Nos.  11  to  15  illusti-ate  forms  of 
field-magnet  having  salient^  as  distinguished  from  consequent 
poles.     No.  11  is  a  double  Gramme  machine   designed  by 
Deprez.     Nos.  12  and  13  are  two  of  the  innumerable  patterns 
due  to  Gramme  himself      These  are  both  of  cast  iron  ;  and  it 
will  be  noticed  that  in  No.  13  there  are  no  joints,  it  being  cast 
in  one  piece.     No.  14  is  a  form  used  by  Hochhausen,  and  is 
practically  identical  with  21,  save  in  the  position  of  the  axis 
of  i-otation.     The  iron  flanks  of  No.  14  tend  to  produce  a 
certain  short-circuiting  of  the  magnetism   by  their  proximity 
to  the  poles  ;  and  their  sectional  area  is  insufficient.     No.  15, 
used  by  Vjxn  de  Poele,  is  similar.     No.  16  is  the  form  used  by 
the  author  in  small  motors,  and  is  cast  in  one  piece.     Tlie 
semicircular  form   adopted   for   the   core    was   intended  to 
reduce  the  magnetic  circuit  to  a  minimum  length.     No.  17 
has  salient  poles  reinforced  by  other  electro-magnets  within 
the  ai-mature.     No.  21  shows  in  section  the  double  tubular 
magnets   of  the  Thomson-Houston   dynamo,   the   spherical 
armature  being  placed,  as  in  Nos.  12,  14  and  15,  between  two 
salient  poles.     There  is  a  curious  analogy  between  Nos.  21 
and  19 ;  but  they  entirely  differ  in  the  position  of  the  coils. 
No.  22  is  a  design  by  Kapp,  in  which  there  are  two  salient  poles 
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of  similar  polarity,  and  two  consequent  poles  between  them* 
one  pair  of  coils  Buf&cing  to  magnetize  the  whole  quadruple 
circuit     Almoat  iden- 
tical fonn3  have  been 
employed  by  Rankine 
Kennedy  ("  iron-clad" 
dynamo).      No.      25. 
Lahmeyer  and  Wens- 
trom  employ  iron-clad 
fornis  resembling  No. 
15.      That  of  Wens- 
trom  has  for  ita  yoke 
^    an       external      iron 
I    cylinder.   No.  28,  Fig. 
iS    101,  with  armature  at 
§    tlie  top,  is  known  as 
s    tlie    "  over-type "    of 
S    bipolar  machines.     It 
is  an  old  form  which 
was  revived  in  1884 
by    Gramme     ("  type 
BUptfrieur"),  by  Kapp, 
by    Siemens    and    by 
others.       No.     24     is 
Brown's  very  massive 
form.    No.    26  is  de- 
signed by  Prof.  George 
Forbes.        The     iron- 
work is  in  two  halves ; 
the    coils,   which    are 
entirely  enclosed,  are 
so  placed  as  to   mag- 
netize   the     armature 
directly,      one       coil 
occupying     all      the 
available     space     be- 
tween the  field-magnet 
;  the  other  the  similar 
27  is  a  4-pole  form 


and  the  upper  half  of  the  armature 
space   around   the   lower  half.      No. 
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adopted  by  Elwell-Farker,  and  also  by  Crompton.  No.  28  is 
s  maltipolar  form,  used  by  Wilde,  Gramme  and  others,  the 
poles  which  surround  the  ring  being  alternately  of  opposite 
Bign.  It  is  now  largely  used  for  alternate-current  machines 
fluch  as  those  of  Westinghou3e,Mather  and  Piatt  (Hopkinson), 
and  others.  In  No.  22,  a  modification  of  this  design  by  Thury, 
for  use  with  a  drum  armature,  the  six  inwardly-directed  poles 
are  magnetized  by  coils  wound  upon  the  external  hexagonal 
frame.  No.  80  is  a  sketch  of  a  form  introduced  by  Siemens 
uid  Halske,  and  also  by  Ganz,  Fein  and  others,  wherein  an 
external  ring  rotates  outside  a  very  compact  and  substsotial 


Fios.  102,  103.— Tmc&L  FoBMB  of  nKLD-tuoNrrs. 


4^Ie  electro-magnet.  Similar  machines,  but  with  more 
than  four  internal  poles,  are  largely  used  in  Germany,  for  largo 
central-station  machines. 

Another  form  of  field-magnet  is  shown  in  No.  31.  This, 
which  is  a  single  hotse-shoe  with  but  one  coil  upon  it,  was 
a  design  by  the  author  of  this  work  early  in  1886 :  it  has 
been  used  largely  by  Goolden  and  Co.,  by  Greenwood  and 
Batley,  and  other  British  makers.  No.  32  represents  also  a 
machine  requiring  but  one  coil,  and  is  of  the  iron-clad  type. 
It  was  devised  by  McTighe  in  1882,  and  has  been  revived 
by  Stafford  and  Eaves.  A  pattern  designed  by  Mordey  for 
the  Brush  Company  resembles  No.  32,  but  has  an  external 
iron  cylinder  to  enclose  the  coil.  In  Fig.  96  is  represented 
Lahmeyer's  form,  also  with  inward-pointing  poles :  like  the 
preceding  it  belongs  to  the  "  iron<lad  "  type,  the  yoke  of  the 
m^net  being  exterior. 
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Eickemeyer'3  dynamo  (Fig.  104)  realizes  the  su^estion 
of  Forbes  to  place  the  monetizing  coils  over  the  armature. 
The  coil^  which  are  separately  wound  on  foi-mers,  tit  into 
recesses  between  the  upper  and 
lower  yokes  and  the  inwardly  pi'o- 
jecting  polar  masses.  Fig.  105 
gives  a  view  showing  tlie  interior 
disposition  when  one  of  the  polar 
masses  is  removed.  The  defect 
of  such  forms  is  the  difficulty  of 
ventilating  the  closely  enclosed 
armature. 

A  typical  form  for  alternate- 
current  machines  is  that  intro- 
duced by  Wilde,  and  used  by  Sie- 
mens, Ferranti  and  others,  having 

two  crowns   of    alternate    poles 
Fio.  104.— Eicebueyeb's         ,     -  .. 

Dynamo  facing  one  another. 

Fig.  107  represents  a  form  of 
4-poIe  iield-magnet  used  by  the  Brush  Company  for  their 
Victoria  (Mordey)  machines,  having  double  m^Detic  circuits 
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and  consequent  poles.     The  cores  to  receive  the  coils  are  of 
wrought  iron,  whilst  the  end  frames  and  pole-pieces  are  cast. 


Fig.  106— Typical  Alternate-current 

FlELD-MAGNETT. 


Fig  107.— Four  Pole 
Magnet  (Mordey). 


This  should  be  contrasted  with  the  form  of  4-pole  magnet, 
Fig.  108,  designed  in  1888  by  Brown,  and  constructed  by  tha 


Fig.  108.— Four-pole  Magnet  (Brown). 

Oerlikon  works,  for  some  large  300  horse-pawer  machines  for 
transmission  of  power.     These  are  made  entirely  of  cast  iron, 
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and  have  salient  poles.  The  direction  of  the  flux  through 
these  machines  is  indicated  by  dotted  lines. 

The  most  notable  departure  in  the  foims  of  field-magnets  in 
recent  yeara  is  that  due  to  Mordey,  in  whose  alternator  there 
is  a  field  magnet  (see  Fig.  419  and  Plate  XIV.),  which,  though 
it  possesses  but  a  single  magnetic  circuit  with  one  exciting  coil 
upon  it,  is  nevertheless  multipolar.  This  result  is  attained  by 
the  use  of  multiple  pole-pieces  which  subdivide  the  magnetic 
flux  into  a  number  of  sepamte  magnetic  fields.  The  field- 
magnet  of  the  three-phase  alternator  (Figs.  422  and  425), 
designed  by  Brown  for  the  tmnsmission  of  power  from  Lauflfen 
to  Frankfort,  is  also  of  this  improved  kind,  with  a  single  ex- 
citing coil.  In  many  recent  machines  a  similar  simplification 
is  to  be  found. 

Among  such  a  multiplicity  of  designs  one  seeks  for  some 
indication  as  to  the  best.  But  the  best  for  one  purpose  is  not 
the  best  for  all.  Some  designs  are  suitable  for  cast  iron ; 
others  for  wrought  iron ;  othera  again,  such  as  Figs.  102  and 
107,  are  expressly  intended  to  be  composite,  having  wrought 
cores  for  the  bobbins  and  cast  polar  masses.  It  is  desirable, 
where  possible,  to  have  the  core  upon  which  the  coHs  are 
wound  cylindrical,  as  that  shape  has  the  least  perimeter  for  a 
given  sectional  area,  and  in  consequence  allows  a  saving  in 
copper  wire  as  well  as  making  the  winding  simpler.  Of 
course  cylindrical  cores  are  not  suitable  for  machines  with 
long  drum  armatures.  There  is  a  tendency  at  the  present 
time  to  make  the  wound  core  of  a  material  of  high  perme- 
ability, so  that  its  perimeter  can  be  reduced  and  a  saving 
effected  both  in  iron  and  copper.  As  the  exciting  coils  are 
genei-ally  wound  on  detachable  reels,  the  shape  of  the  field- 
magnet  should  permit  of  these  being  put  off  and  on.  For  small 
machines  a  simple  circuit  is  probably  the  best.  For  large 
machines  it  is  found  needful  to  multiply  the  number  of  poles : 
and  for  alternatoi-s,  multipolar  forms  are  necessary  for 
obtaining  a  sufficiently  frequent  alternation  of  currents. 

Probably  the  future  will  see  a  general  simplification  of  multi- 
polar forms  by  the  adoption  oi  branched  magnetic  circuits. 

In  calculating  those  forms  which  have  double  or  multiple 
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m^etic  circuits,  it  ia  usual  to  simplify  matters  by  considering 
one  element  of  the  whole,  and  making  the  calculations  for  ib 
Thus,  for  example,  in  Fig.  109,  which  depicts  the  half  of  such 
a  machine  as  No.  8  of  Fig.  100,  it  is  sufficient  to  calculate  the 
magnetic  reluctances  of  half  the  machine  in  order  to  ascertain 
the  number  of  ami>ei-e-tuni3  that  must  he  wound  upon  it; 
a  similar  number  being  wound  ujion  the  other  half.  Forma 
with  a  double  magnetic  circuit  are  preferable  to  those,  such 
as  Nos.  2,  23,  and  3l,  with  a  single  magnetic  circuit,  in  all 
cases  wheie  there  is  likely  to  be  much  armature  reaction. 
For  in  auch  form  as  No.  23  the  field  is  weaker  under  the  two 


Fia.  10».— Half  o?  a  Poubi^  Uaqnbtic  Circuit  Macbine. 

upper  pole-tips  than  between  the  two  lower  ends  of  the  pole- 
faces  :  in  consequence,  there  is  a  powerful  attraction  down- 
ward of  the  armature.  Further,  because  of  this  inequality  of 
field  the  cross-magnetizing  force  of  the  ai-mature  will  produce, 
in  the  single-mt^net  forms,  an  unsyrametrical  distortion.  As 
a  consequence  there  is  sure  to  be  sparking  at  the  brushes. 
For  large-load  bipolar  armatures  it  is  advisable  not  only 
to  use  double-magnets,  but  to  separate  their  two  halves 
by  a  distance-piece  of  brass. 
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CHAPTER  IX. 

ELEMENTARY  THEORY  OF  THE  DYNAMO.  MAGNETO,  AND 
SEPARATELY-EXCITED  MACHINES.  SERIES  MACHINES. 
SHUNT  MACHINES. 

■  Experience  has  shown  that  the  main  problems  tliat  require 
to  be  considered  in  the  design  of  dynamos,  are  best  solved  by 
reference  to  the  magnetic  circuit  of  the  machine  ad  a  whole,  the 
iron  core  inside  the  armature  being  regarded  as  a  constituent 
part  of  that  circuit.  In  all  that  follows  the  armature  is  re- 
garded merely  as  consisting  of  a  certain  number  Z  of  con- 
ductora,  grouped  in  a  particular  way  around  an  axis  of 
rotation,  their. function  being  to  cut  across  the  magnetic  lines 
that  are  furnished  by  the  magnetic  circuit.  The  symbol  ^ 
stands  for  the  magnetic  flux,  which,  in  the  case  of  bipolar 
machines,  is  the  whole  number  of  magnetic  lines  that  traverse 
the  armature,  entering  it  on  one  side  and  again  leaving  it  on 
the  other.  For  multipolar  machines,  N  stands  for  the  flux 
from  one  pole  that  ti-avei"ses  the  armature. 

The  number  of  revolutions  per  second  made  by  the 
armature  is  denoted  by  the  symbol  n.  It  is  found  that  the 
average  electromotive-force  generated  by  the  armature  is 
simply  proportional  to  each  of  these  quantities,  so  that  by 
taking  the  appropriate  units  we  may  write,  as  will  presently 
be  seen,  as  the  fundamental  equation 

(average)  E  =  n  Z  N [!•] 

In  the  present  chapter  an  expression  is  first  found  for  the 
average  electromotive-force,  wliich  expression  serves  as  the 
fundamental  equation  of  all  dynamos.  Then  by  introducing 
appropriate  formulae  for  the  various  circuits,  equations  are 
deduced  for  the  various  kinds  of  series-wound,  shunt-wound 
and  compound-wound  dynamos. 


Elementary  Theory  of  the  Dynamo.  169 


Symbols  Used. 


It  may  be  well  to  point  out  that  in  this  and  the  succeeding  chapters  the 
'Oiiowjng  symbols  are  used  in  tlie  following  significalions  : — 


A 
B 


6 


C 
C« 

c« 
c, 

c 
E 

e 

s 


H 
L 


6) 

B 

fa 

u 

r 


S 


expressed 

in 
amperes. 


expressed 

in 

volts. 


&rea,  expressed  in  square  centimetres. 

the  flux -density,  or  number  of  magnetic  lines  per  square  centi- 
metre. 

number  of  external  wires  in  a  section  of  the  armature.  In  speak- 
ing  of  alternators  h  stands  for  **  the  breadth  coefficient  **  (see 
Chap.  XXIIL). 

angular  breadth  of  a  section  of  armatui-e  coil  or  of  segment  of 
collector. 

cmrrent  in  external  circuit,  ^ 

€2urrent  in  armature, 

current  in  series  coil  or  main  circuit, 

crurrent  in  shunt  coil. 

Clumber  of  segments  of  collector  or  commutator, 
entire  electromotive-force  generated  in  an  arma- 
ture, 
difference  of  potential  from  terminal  to  terminal, 
^ectromotive-force  of  some  external  supply  of 

electricity, 
economic  coefficient,  or  efficiency  (see  pp.  107  and  187,  and  Chapw 

XXX.) 
Xorce  {u  e.  push    or  pull),  expressed  in  either  dynesy  poundals^ 

grammes*  weight  or  pounds'  weight, 
intensity  of  magnetic  field  (lines  per  sq.  centim.  in  air). 
coefficient  of  self-induction. 

Average  length  of  one  turn  of  wire;  also  used  for  angle  of  lead, 
magnetic  permeability  of  iron, 
the  magnetic  flux,  or  whole  number  of  magnetic  lines  that  traverse 

a  magnetic  circuit, 
number  of  revolutions  per  second.    In  alternate-current  problems 

n  =  the  frequency, 
angular  velocity  (expressed  in  racZians-per-second). 
number  of  pairs  of  poles.    In  alternate-current  problems  the  symbol 

p  is  used  for  the  pulsation^  p  =  2n  n, 
resistance  of  external  circuit, 
resistance  of  armature  coils, 
resistance  of  shunt  coils, 
resistance  of  series  coil  on  fleld-magnets, 
internal  resistance  of  dynamo;  equal  to  ra  +  fm 

or  to  Fa  -j-Tg  acconl ing  to  circumstances, 
resistance  per  unit  of  length, 
number  of  spirals  or  turns  of  wire  in  coil. 

11— Vol.  3 


expressed 

in 

ohms. 
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8m  number  of  turns  in  a  coil  in  the  main  circuit,  in  series  with 
armature. 

S«       numl>er  of  turns  in  a  coil  in  shunt. 

T  torque,  or  turning  moment,  or  angular  force,  or  couple,  expressed 
in  dyne-centimetres,  gramme-centimetres^  metre-kilogrammeSf 
ov  pound-feet,  according  to  circumstances. 

T  is  also  used  in  the  section  on  alternate  currents  for  the  periodic  tlmt 
of  the  alternating  current,  measured  in  seconds, 

t        time  measured  in  seconds. 

V        coefficient  of  allowance  for  magnetic  leakage. 

y       volts  at  terminals  of  dynamo  or  motor. 

W )    activity,  or  power,  or  work-per-second,  expressed  in  watts  or  in 

w  J  horse-power, 

Z  number  of  conductors  on  armature,  counted  all  round  the  peri- 
phery. 

^        angle  of  phase  difiference  between  alternating  currents  or  electro- 
motive-forces. 
Wherever  inch  unitsLare  used  instead  of  centimetre  units,  the  marks 
used  on  p.  104  will  be  employed  for  distinction. 


Fundamental  Equation  of  Dynamo. 

To  find  the  avemge  electromotive-force  of  a  moving  con- 
ductor, wo  must  remember  tliat,  by  definition,  see  p.  22, 
this  is  (in  absolute  C.G.S.  units)  numerically  equal  to  the 
number  of  magnetic  lines  that  are  cut  in  one  second  by 
the  conductor.  Also  the  practical  unit,  the  volt  being  by 
definition  equal  to  10®  absolute  C.G.S.  units  of  electromotive- 
force  ;  it  (vill  be  necessary  to  divide  the  number  of  C.G.S. 
units  by  10®  in  order  to  reduce  the  number  to  volts. 
Further,  when  there  are,  as  in  the  armatures  of  dynamos, 
a  number  of  conductor  in  series  with  one  another,  the  total 
electromotive-force  of  the  dynamo  will  be  equal  to  the  sum 
of  the  electromotive-forces  of  those  conductors  that  are  in 
series  with  one  another.  The  fundamental  equation  will 
then  be  written : 

(avei-age)  E  (in  volts^  =  w  Z  N  -4-  10®  ....  [la.] 

We  will  deal  fii-st  with  an  ordinary  two-pole  dynamo, 
having  an  armature  in  wl)ich  the  number  of  "sections"  is 
denominated  by  the  symbol  t?;  the  number  of  "segments" 
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or  "  bars"  in  the  commutator  or  collector  will  also  be  c.  Let 
there  be  in  each  section  h  external  wires  or  conductors,  as 
counted  on  the  outside  of  the  armatui-e  core.  (In  ring 
armatures  there  will  be  the  same  number  of  external  wires  as 
there  are  loops  or  windings  in  the  section  ;  in  drum  armatures 
tbei-e  are  twice  as  many  external  wires  as  there  are  loops  or 
windings  in  the  section.)  Then  the  number  of  external  con- 
ductoi-s  or  wires,  reckoned  all  round  the  armature,  will  be  h  c; 
it  will  be  more  convenient  to  use  the  single  symbol  Z  for  this 
number.  The  number  of  external  conductors  or  wires  that 
are  in  series  with  one  another  electrically  from  brush  to  brush 

b  c 
will  be  -^  or  i  Z.     Now  let  the  armature  rotate  with  a  speed 

of  n  i-evolutions  per  second.  (Engineers  usually  count  the 
revolutions  made  in  one  minute,  necessitating  division  by  60 

to  get  «.)     Then  one  revolution  will  take  -  part  of  1  second. 

We  are  now  ready  to  calculate  the  electromotive- force. 
No.  of  lines  cut  by  1  external  vnre  in  1  revo- 
lution         =  2N 

(because  each  wire  cuts  all  the  lines  where  they  go  in  at  one 
side  of  the  armature,  and  where  they  come  out  on  the  other)  ; 

No.  of  lines  cut  by  1  external  wire  in  1  second  =  2  n  ^  ; 
No.  of  lines  cut  by  i  Z  external  wires  in 

series  in  1  second        =2nxNiZ; 

No,  of  lines  cut  by  i  Z  external  wires  in 

series  in  1  second        =  n  Z  N. 

Average  electromotive-force  (in  C.G.S.  units)  ^  n  Z  N  > 

Average  electromotive-force  (in  volts^  . .     .  .  = — s-J-?  [!«•] 

It  will  be  unnecessary  in  every  case  to  write  the  divisor 
10®  in  the  formula,  because  it  is  easily  remembered  that,  if 
omitted  for  the  sake  of  brevity,  the  numbers  obtained  can  be 
transformed  at  once  to  volts  by  so  dividing  down. 

For  many  purposes  it  is  more  convenient  to  have  the 
fundamental  equation  in  terms  of  the  angular  velocity.     Let 


t 

■ 
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the  symbol  w  represent  the  angular  velocity.  Then  oi  =  2  rn ; 
for,  in  each  revolution,  the  angle  described  is  2  -  radians  or 
360  degrees.     Consequently  n  =  w/2  r,  which  gives ; 

(Average)  E  =  ^ZN [1*0 

It  will  be  observed  that  this  electromotive-force  is  simply 
an  average  ;  and  it  depends  on  the  construction  of  the  arma- 
ture how  much  fluctuation  there  is  in  the  value  during  a 
rotation. 

If,  as  in  Fig..  110,  the  armature  had  but  two  external  con- 
ductors forming  a  simple  loop,  then  the  electromotive-force 
would  fluctuate  between  zero  and  a  maximum.     Calling  the 

lowest  point  of  the  ro- 
tating loop  in  its  verti- 
cal  position  0°,  then  the 
position  on  the  left  of 
the  dotted  line  will  be 
90®,  if  we  reckon  the 
rotation  in  the  clock- 
wise direction.  The 
Fig.  110.— Ideal  Simple  Dynamo.  top  point  will  be  180°, 

and  the  point  on  the 
extreme  right  270°.  Then  the  induced  electromotive-force 
will  be  zero  as  the  coil  passes  through  0°  and  180°  (for  at  the 
positions  0°  and  180°  the  conductors  will  be  sliding  along  rather 
than  cutting,  the  magnetic  lines),  and  a  maximum  as  the  coil 
passes  through  90°  and  270°.  The  rate  of  enclosing  or 
"  cutting "  will  be  a  maximtim  when  the  actual  number  of 
lines  enclosed  is  a  miiiimum^  and  vice  versd.     (See  p.  31.) 

At  any  intermediate  angle,  if  the  field  is  uniform,  the 
actual  number  of  lines  of  force  enclosed  is  proportional  totlie 
cosine  of  the  angle  through  which  the  coil  has  turned  from  its 
zero  position,  and  the  elegtromotive-force  will  be  proportional 
to  the  sine  of  that  angle.  Strictly  speaking,  we  ought  to  take 
the  sine  with  a  negative  value  to  represent  the  electromotive- 
force,  because  as  usually  defined  the  induced  electromotive- 
force  is  proportional  to  the  rate  of  decrease  in  the  number  of 


\ 
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lines  of  force  enclosed.  We  need  not,  however,  trouble  about 
signs,  because,  if  the  brushes  are  properly  set  at  the  commu- 
tator, all  the  induced  electromotive-forces  are  thereby  made 
to  act  in  the  same  direction  through  the  external  circuit. 
The  angular  velocity  being  2  r  w,  the  angle  passed  through  in 
an  interval  of  time  of  t  seconds  will  be  2::  n  t.  Calling  this 
angle  0^  and  reckoning  it  from  the  lowest  point  as  before,  the 
electromotive-force  in  the  loop  at  any  time  t  may  be  cal- 
clated  as  follows: — The  number  of  lines  of  force  enclosed 
when  the  loop  has  turned  thix)Ugh  angle  ^  is  =  N  cos  0  = 
f<4  cos  2  r  n  t ;  hence  the  rate  of  cutting  will  be  2  7rn  ^  sin  0. 
Now,  since  the  average  value  of  sin  0,  between  the  limits 
^  =  0°  and  0  =  90®,  is  2  /  r,  the  average  electromotive-force 
per  loop  may  be  obtained  by  substituting  this  value,  giving  us 

A  vei-age  E  per  loop  =  4  n  N . 

And  since  the  number  of  loops  that  are  in  series  bet\^en 
brush  and  brush  is  i  Z,  we  have  finally 

(Average)  E  =  n  Z  N , 

If  the  coil  consisted  of  many  turns  all  wound  round  in  one 
gi-oup,  like  the  Siemens  shuttle-wound  armature,  p.  33,  the 
same  expressions  would  obviously  hold  good  on  substituting 
the  proper  number  for  Z. 

FluctuationH  of  Electromotive. force. — As  explained  above, 
the  actual  induced  electromotive-force  is  proportioned  to  the 
sine  of  the  angle  through  which  the  coil  has  turned,  or 

E  =  2  IT  »  N  sin  e>  X  i  Z, 

wlience 

E  =  ^nZ  N  sine? [II.] 

As  0  increases  from  0®  to  860°,  the  value  of  the  sine  goes  from 
0  to  1,  then  from  1  to  0,  from  0  to  -1  and  from  -1.  back  to  0. 
The  values  of  the  sine  are  depicted,  in  Fig.  111.  The  same 
curve  maj'^  serve  then  to  show  how  the  electromotive-force 
would  fluctuate  if  there  were  no  commutator.  But  the  action 
of  the  commutator  is  to  commute  the  negative  inductions 
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into  positive  ones ;  the  brushes  being  so  armuged  as  to  slide 
from  one  part  of  the  commutator  to  the  other  at  the  moment 
when  the  inverae  induction  begins.  This  gives  the  curve  the 
form  of  Fig  112,  which  therefore  represents  how  the  voltage 
pulsates  in  the  circuit  of  a  simple  old-fashioned  shuttle-wound 
Siemens  armature.     Now  if  we  could  level  these  hills,  and 
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change  our  undulating  induction  into  a  steady  one,  we  should 
get  a  single  straight  line,  shown  in  Fig.  112  as  a  dotted  line 
enclosing  below  it  a  rectangular  area  equal  to  the  sum  of  the 
areas  enclosed  by  the  sinuous  curves,  and  therefore  at  a 
height  which  is  the  average  of  the  heights  of  all  the  points 
along  the  cui*ves  •  in  fact,  since  each  sinuous  curve  is  part  of  a 
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curve  of  sines,  the  average  height  will  be  2  /  r,  or  about  ^^  of 
the  maximum  height.  In  consequence  of  self-induction  in 
the  coils,  the  cun-ent  will  not  actually  fluctuate  ^  as  much  as 
the  voltage,  the  hollows  being  partly  filled. 

1  See  remarks  by  Cromwell  F.  Varley  in  Phil,  Mag,,  1867,  and  by  Puluj 
in  Sitzungsber,  Wieru  Akad,f  Ila,  May  1891. 
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Mtietuationg  in  a  Closed-coiled  Armature.— As  eliown  on 
pp.  39  and  60,  it  is,  for  rensoiis  of  construction,  usual  to 
wind  armature  coils  in  two  sets  connected  in  parallel.  If 
each  of  the  tiro  coils  consisted  of  100  tunis,  their  joint 
effect  in  inducing  electromotive-force  would  be  no  greater 
than  that  of  eithei'  of  them  sepai-ately,  hut  the  intemul 
i-esistance  of  the  armature  would  he  halved.  From  this  point 
onwards  in  the  ai^ament  it  will  he  assumed  that  the  arma- 
ture windings  consist  of  pairs  of  coils.  Thus,  instead  of  one 
coil  of  200  turns,  as  shown  in  Fig.  113,  we  shall  take  it  that 
there  is  a  pair  of  coils  each  of  100  turns,  ns  in  Fig.  114. 

Now  suppose  that,  in  order  to  get  a  less  fluctuating  effect, 
we  divide  each  of  our  onginal  single  pair  of  coila  into  two 
parts,  and  set  these  at  right  angles  to  one  another.     To  take 
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FIG.  115. 


a  numerical  case,  suppose  there  were  originally  100  turos  in 
each  coil,  and  we  split  each  into  two  coils  of  fifty  turns,  but 
set  them  across  one  another  so  that  one  comes  into  the  best 
position  in  the  field  as  the  other  is  going  out  of  it.  (This 
arrangement  is  indicated  in  Fig.  11.5,  which  may  lie  contnusted 
with  Fig.  114.)  In  this  ca«e  we  shall  have  two  sets  of  over- 
lapping curves — eacli  of  them  will  have  to  be  put  half  as 
high  as  before,  because  the  equivalent  area  of  each  coil  is 
only  hal  f  what  it  was  for  the  whole  coil.  Then,  if  there  were 
no  commutator,  the  induced  elect  i-omotive-force  in  the  two 
Bets  of  coils  would  fluctuate  as  shown  by  the  two  curves  of 
Fig.  116,  which  differ  by  a  quarter-period  from  one  another. 
But  if  the  ends  of  the  two  "sections  "  of  the  coil  are  joined 
to  a  proper  commutator,  all  the  "invei-se  "inductions  will 
be  commuted  into  "  direct "  ones,  and  the  two  cur\'es  would 
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then  become  as  in  Fig.  117.  The  next  process  is  to  ascertain 
what  the  joint  result  of  these  overlapping  electromotive-forces 
will  be  :  it  is  evident  that  from  0°  and  90°  the  two  inductive 
actions  are  assisting  one  another,  and  that  at  45°  they  are 
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equal.  The  nett  result  here  is  therefore  double  either  of  them ; 
and,  in  fact,  the  curve  representing  the  9um  of  the  two  curves 
is  given  in  Fig.118.  This  curve  shows  at  once  a  step  towards 
continuity^  as  the  fluctuations  are  fai*  less  than  those  of  the 
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single  coil,  Fig.  112.  If,  as  before,  we  level  the  undulating 
tops  by  a  dotted  line,  we  get  precisely  the  same  height  as 
before.  The  total  amount  of  induction  (the  total  cutting  of 
lines  per  second)  is  the  same,  and  the  average  electromotive- 
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force  is  the  same.  There  is  no  gain,  then,  in  the  total  electric 
work  resulting  from  rearranging  the  armature  coils  in  two 
sets  at  right  angles  to  each  other ;  but  there  is  a  real  gain  in 
the  greater  continuity  and  smoothness  of  the  current. 


Eleme^itary   Theory  of  tfie  Dy7iamo.  177 

If  we  again  split  our  coils  and  aimnge  thera  as  shown  in 
Fig.  119  at  angles  of  45°,  in  four  sets  of  pairs  of  coils  of 
twenty-five  turns  each,  and  connect  them  up  to  a  proper 
commutator,  we  shall  get  an  effect  which  is  veiy  easily  repre- 
sented by  constructing  two  curves,  each  similar  to  the  last 
but  each  of  half  the  height,  and  compounding 
them  together  (Fig.  120).  One  of  them  will 
of  couree  have  the  maximum  heights  of  crests 
occurring  45°  further  along  tlian  those  of  the 
other  curve  ;  and  when  these  are  compounded 
together  we  get  for  a  resultant  a  curve  shown 
in  Fig.  121,  which  has  exactly  the  same 
anra(}t  height  as  before,  but  which  has  still 
less  of  fluctuation.  It  is  easily  conceived  that  this  process 
of  dividing  the  coil  into  sections,  and  spacing  these  sections 
out  at  equal  angles  symmetrically,  would  give  us  a  result 
approaching  as  near  as  we  cljoose  to  an  absolutely  continuous 
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one.  If  our  original  pair  of  coils  of  100  turns  eacn  were  split 
into  twenty  sets  of  pairs  of  five  turns  each,  or  even  into  ten 
sets  of  pairs  of  ten  turns  each,  the  approach  to  continuity 
would  be  very  nearly  truly  attained. 


Calculation  of  Fhictuattons, — If  the  variations  of  the  electro- 
motive-force literally  f oUowed  a  sine  law,  it  would  not  be  difficult 
to  calculate  the  amount  of  fluctuation  when  a  commutator  with 
any  particular  number  of  segments  is  used.  Some  ccdculations 
on  this  basis  given  in  previous  editions  showed  that  with  a  20- 
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part  commutator  the  fluctuations  were  less  than  1  percent,  of  the 
whole,  and  with  a  36-part  commutator  they  were  less  than  |  of  1 
per  cent.  But  as  a  matter  of  fact  the  distrihution  of  the  field  m 
the  part  where  <5oils  are  commuted  does  not  obey  any  such  law ; 
and  in  the  absence  of  information  as  to  the  exact  way  in  which 
the  induction  of  electromotive-force  varies  in  the  fringe  of  the 
field,  such  calculations  may  be  very  wide  of  the  mark.  It  suffices 
to  know  that  a  20-part  commutator  in  a  bipolar  field  gives  fluc- 
tuations that  are  practically  negligible,  so  that  if  it  were  not  for 
other  considerations — such  as  avoidance  of  sparking — it  would  be 
a  useless  refinement  to  employ  commutators  having  more  numer^ 
ous  segments. 

Measurement  of  Fluctvation. — The  relative  amount  of  fluc- 
tuation in  the  current  furnished  by  a  dynamo  may  be  observed 
by  noticing  the  inductive  effect  on  a  neighbouring  circuit  into 
which  is  introduced  a  Bell  telephone  receiver.  If  the  current  is 
steady  there  will  be  no  sound  heard.  If  it  fluctuate,  each  fluc- 
tuation will  induce  a  corresponding  secondary  current  in  the 
telephone  circuit,  and  the  amount  and  frequency  of  the  fluctua- 
tions may  be  estimated  by  the  loudness  and  pitch  of  the  sound  in 
the  telephone.  The  fluctuations  in  the  current  of  a  Brush  arc- 
light  dynamo  are  in  this  manner  readily  detected. 

Effect  of  Non-simultaneous  Commutation. — If  the  brushes  are 
not  so  set  that  the  sliding  of  contact  under  one  brush  is  not  ac- 
complished at  the  same  instant  as  that  under  the  other  brush, 
then  it  is  clear  that  there  will  be  slightly  unequal  electromotive- 
forces  in  the  two  halves  of  the  armature  circuit.  This  momentary 
inequality  will  die  out,  to  be  succeeded  by  another  inequality  (of 
opposite  sign)  when  commutation  occurs  at  the  other  brush.  The 
effect  will  be  the  same  as  though  a  small  alternating  current 
having  2  n  c  periods  of  alternation  per  second  were  made  to  act 
around  the  circuit  of  the  armature.  Such  effects  may  be  occa- 
sioned in  armatures  by  various  causes;  if  the  number  of  sections 
in  an  armature  be  an  odd  number  ;  if  the  number  of  conductors 
in  all  the  sections  are  not  alike  or  their  connections  are  unsym 
metrical ;  or,  lastly,  if  the  contact-edges  of  the  brushes  do  not  lie 
exactly  at  opposite  ends  of  a  diameter. 

Measurement  of  the  Flux  N» — An  important  problem  is  how 
to  measure  the  actual  number  of  magnetic  lines  that  pass  through 
the  armature.  This  number  is  really  best  ascertained  by  calcula- 
tion from  the  performance  of  the  machine  itself.  The  speed 
being  observed  by  aid  of  a  suitable  speed-counter,  the  number  of 
conductors  round  the  armature  being  known,  and  the  whole 
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electromotive-force  generated  in  the  machine  being  measured  by 
proper  electrical  methods,  then  it  only  remains  to  apply  the  fun- 
damental formula,  transformed  so  as  to  calculate  back  to  N  : — 

N  =  10«  X  E  ^  n  Z. 

To  measure  E  while  the  machine  is  running,  it  must  either  be 
run  upon  known  resistances  (so  as  to  enable  E  to  be  calculated 
from  Ohm's  law) ;  or  E  may  be  calculated  by  measuring  (see  p. 
181)  the  difference  of  potentials  at  the  brushes  with  a  voltmeter, 
And  then  calculating  from  the  resistance  of  and  current  in  the 
armature  the  volts  lost  internally,  which,  added  to  the  measured 
volts,  make  up  the  whole  E. 


The  Magneto-Machine  and  the  Separately- 
Excited  Machine. 

In  magneto  dynamos,  in  which  the  field  is  due  to  per- 
manent magnets  of  steel,  N  depends  both  on  the  magnetism 
of  the  steel  and  on  the  iron  core  of  the  armature.  The 
Tiumber  of  lines  that  find  their  way  through  the  armature  is, 
however,  lessened  by  the  reaction  of  the  armature  when  a 
'^I'ge  current  is  being  dmwn  from  the  machine.  If  the  mag- 
netism of  the  field-magnets  were  so  overpoweringly  great,  as 
compared  with  that  due  to  the  armature  coils,  that  this 
taction  was  insignificantly  small,  then,  since  our  fundamental 
f^rniula  is : 

E  =  nZ  N, 

^  ^ould,  for  any  given  magneto  machine,  be  directly  propor- 

"onal  to  n,  the  speed  of  rotation.     But  we  know  in  practice 

^"^t  this  is  not  the  case.     The  number  of  turns  by  which  the 

^P^ed,  at  any  output,  exceeds  the  number  that  would  be 

"^eded  for  strict  proportion  is  called  the  dead  turns.    Suppose 

^^e  turn  a  magneto  machine  at  600  revolutions  per  minute 

\^  ===  10,  for  then  there  will  be  10  revolutions  per  second) 

*^4    get,  say,  17  volts  of  electromotive-force  from  it,  then, 

u  there  were  no  reactions  from  the  armature,  turning  it  at 

liOO  revolutions  per  minute  ought  to  give  exactly  34  volts. 

^is  is  never  quite  attained  ;  though  in  many  machines  the 


i8o  Dynamor Electric  Machinery. 

direct  proportion  very  nearly  holds  good,  so  long  as  no 
current  is  di-awn  from  the  machine  to  give  rise  to  demag- 
netizing effects.  In  that  case  the  only  reaction  that  would 
cause  departure  from  proportionality  is  that  possibly  due  to 
eddy-currents.  If  the  speed  and  the  total  volts  genemted 
in  the  armature  are  observed,  and  plotted  out  against  one 
another,  the  straightness  of  the  "  curve  " — which  ought  to  be 
a  straight  line  sloping  down  to  the  oiigin — will  show  how 
nearly  the  theoretical  condition  is  attained. 

If  the  current  in  the  armature  is  kept  constant  by  in- 
creasing the  resistances  of  the  circuit  in  proportion  to  the 
speed,  the  demagnetizing  action  of  the  armature  can  be  kept 
constant,  even  though  the  machine  is  giving  out  a  current. 

In  some  experiments^  made  by  M.  Joubert  at  different 
speeds,  the  electromotive-force  was  measured  by  an  electro- 
meter which  allowed  no  current  whatever  to  pass,  and  the 
theoretical  law  was  almost  exactly  fulfilled.  The  observa- 
tions are  given  below. 

Speed 500       720        1070    revolutions  per  minute. 

Electromotive-force  . .    103       145         208    volts. 

Potential  at  Terminals  of  a  Dynamo.  Lost  Volts, — The 
potential  at  terminals  of  the  magneto  machine — and  indeed 
of  every  dynamo — is,  when  the  machine  is  doing  any  work, 
less  than  E,  the  total  induced  electromotive-force,  because 
part  of  E  is  employed  in  driving  the  current  through 
the  resistance  of  the  annature.  The  symbol  e  may  be 
conveniently  used  for  the  difference  of  potential  between 
terminals.  Only  when  the  external  circuit  is  open,  so  that 
no  current  whatever  is  generated,  6  =  E.  It  is  convenient  to 
have  an  expression  for  e  in  terms  of  the  other  quantities, 
seeing  that  when  any  current  is  being  generated  it  is  im- 
possible to  measure  E  directly  by  a  voltmeter  or  by  an 
electrometer,  whereas  e  can  always  be  so  measured. 

Let  Va  be  the  internal  resistance  of  the  machine,  that  is  to 
say  the  resistance  of  the  armature  coils,  and  of  everything 
else   in   circuit   between   the  terminals ;   and  let  R  be  the 

1  See  also  experiments  by  Mordey,  Journal  I.  E,  E.,  xix.  233,  1890. 
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resistance  of  the  external  circuit.     Then,  by  Ohm's  law,  if 
C  be  the  cuirent, 

E  =  C  (ra  +  R). 

But  by  Ohm's  law  also,  if  e  be  the  difference  of  potential 
between  the  teiminals  of  the  part  of  the  circuit  whose 
resistance  is  R, 

e  =  OR; 

whence 


)Iso 


It  is  also  convenient  to  note  that 

„       r„  +  R 

for  this  formula  enables  us  to  calculate  the  value  of  E  from 
observations  of  e  made  with  a  voltmeter.  But  often  the 
values  of  R  are  unknown :  hence  the  following  is  more  useful. 
°y  subtracting  the  second  of  the  above  equations  from  the 
first  of  them  we  get : — 

E  -  6  =  C  r«, 

or 

g  =  E-Cra [IV.] 

This  is  equivalent  to  saying  that  the  volts  at  the  terminals 
^^  equal  to  the  whole  volts  generated  in  the  armature  less 
t^e  Volts  needed  to  drive  the  cuiTcnt  C  through  the  internal 
resistance  r.  The  volts  C  ro,  which  are  thus  not  available  in 
^^^  External  circuit,  are  called  the  lo%t  volt% :  they  will  be  less 
^®  smaller  the  internal  resistance  is.  If  «  is  observed  by 
applying  a  voltmeter,  then  E  can  be  found  by  adding  to  it 
^^  lost  volts ;  and  these  can  be  calculated  by  measuring 
^^**^  an  amperemeter  the  current  flowing  through  the  arma- 
^^^  and  multiplying  this  by  tlie  known  internal  resistance. 
^^  good  modem  dynamos  the  lost  volts  at  full  load  do  not 
ftinount  to  more  than  2  or  8  per  cent,  of  the  whole  voltage. 
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Relation  between  whole  Electromotive-force  and  Difference 
9f  Potentials  at  the  Terminals. — The  essential  distinction 
pointed  out  above  between  the  whole  electromotive-force  E, 
and  that  part  of  it  which  is  available  as  a  difference  of 
potentials  at  the  terminals  ^,  may  be  further  illustmted  by 
the  following  ^  geometrical  demonstration. 

In  a  machine  (such  as  are  chiefly  dealt  with  later)  in 
which  e  is  constant,  E  will  not  be  constant,  except  in  the  un- 
attainable case  of  a  machine  which  has  no  internal  resistance 
Let  r  represent  the  internal  resistance  of  the  machine,  in- 
cluding that  of  the  aimature  and  of  any  magnet  coils  that 
are  in  the  main  circuit  (r  =  r^  -H  r„)  ;  then, 

E  =  CR  +  Cr  =  6  +  Cr. 

If  E  is  constant,  then  e  cannot  be  constant  when  C  varies ; 
and  if  e  is  constant,  E  cannot  be.  We  have  then  two  cases 
to  consider : — 

(1)  E  constant — Take  resistances  as  abscissae  and  electro- 
motive-forces as  ordinates,  and  plot  out  (Fig.  122)  O  A  =  r, 
A  N  =  R,  O  B  =  E.  The  line  B  N  represents  the  fall  of 
potential  through  the  entire  circuit.  Of  the  whole  electro- 
motive-force O  B,  a  part  equal  to  C  M  is  expended  in  driving 
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the  current  through  the  resistances  r,  leaving  the  part  A  M 
available  as  the  difference  of  potential  at  the  terminals,  when 
the  total  resistance  of  the  circuit  is*  represented  by  the 
length  from  O  to  N.  Accordingl}',  at  N  erect  a  vertical  line 
N  Q  equal  to  A  M.  Take  a  less  external  resistance  R'  =  A  N 
and  by  a  similar  process  we  find  that  the  corresponding  value 

1  Mektrotechnische  Zeitachrift,  iv.  161,  April,  1883. 
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of  e  is  A  M'  or  N'  Q'.  Similarly,  any  number  of  points  may 
be  determined ;  they  will  all  lie  on  the  curve  A  Q  Q',  which 
therefore  shows  how,  as  the  external  I'esistance  is  increased 
the  terminal  potential  rises,  whilst  the  whole  electmmotive- 
force  remains  constant  and  is  represented  by  the  horizontal 
line  B  R.  The  equation  of  this  curve  is  given  by  the  con- 
dition 

E-«  r     . 


"E 


R  +  r 


whence  (E— e)  (R  +  r)  =  E  r  =  constant;  which  equation 
is  the  equation  of  an  equilateral  hyperbola  having  O  B  and 
B  R  as  asymptotes. 

(2")   e  constant — As  in   the   preceding  case,  O  A  =  r ; 
AM«=B;andAM  =  e.    From  N  (Fig.  123)  draw  the  line 


N  M  and  produce  it  backwards  to  B.  Then  O  B  represents 
that  value  of  E  which  will  give  e  volts  at  terminals  when 
R  =  N  M.  Accordingly  set  off  at  N  the  line  N  R  =  O  B. 
In  a  precisely  similar  way  draw  N'  B',  to  correspond  with  any 
other  value  of  R,  and  make  N'  R'  equal  to  O  B'.  N'  R'  repre- 
sents the  value  of  E  when  the  value  of  the  external  resistance 
R  is  equal  to  A  N'.     By  determining  other  values  we  obtain 
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the  successive  points  of  the  curve  R  R',  which  shows  how  the 
whole  electromotive-force  must  vary  in  order  to  maintain  a 
constant  difference  of  potentials  at  the  terminals,  as  repre- 
sented by  the  liorizontal  line  M  Q.  The  equation  to  this 
curve  (also  an  equilateral  hyperbola)  is  given  by  the  condition 

E-g «_ 

r     ~  R 

or 

(E— g)  R  =  e  r  =  constant. 

The  Separately-excited  Dynamo, — For  separately-excited 
dynamos  the  same  formulae  hold  good  as  for  magneto 
dynamos ;  but  in  tliis  case  N  depends  upon  the  strength  of 
the  independent  exciting  current. 

In  estimating  the  nett  (or  commercial)  efficiency  of  a 
separately-excited  dynamo,  the  energy  spent  per  second  in 
exciting  the  field  magnets  ought  to  be  taken  into  account. 

Characteristic  of  Magneto  Machine^  and  of  Separately-excited 
Dynamo, — In  the  magneto  dynamo  the  magnetism  of  the  steel 
magnets  is  approximately  constant.  So  is  the  magnetism  in 
the  iron  of  sepamtely-excited  machines  if  the  exciting  current 
is  kept  constant.  This  has  given  rise  to  a  common  idea  that 
in  such  machines  the  electromotive-force  depends  on  the  speed 
alone.  This  is  not  true.  For  owing  to  the  cross-magnetizing 
and  demagnetizing  tendency  of  the  currents  in  the  armature 
coils,  the  number  of  magnetic  lines  that  actually  travei'ses 
the  armature  core  diminishes  when  the  currents  in  the  arma- 
ture are  strong.  The  stronger  the  current  in  the  armature 
the  stronger  the  reaction.  AndJ  as  explained  on  p.  84,  the 
demagnetizing  tendency  increases  with  the  lead  given  to  the 
brushes.  As  will  be  explained  (p.  196),  it  is  convenient  to 
plot  out  certain  curves,  known  as  charactensties^  to  exhibit 
the  relation  that  subsists  between  the  electromotive-force  and 
the  current  under  different  conditions  of  speed,  resistance, 
&c.  Usually  one  of  the  conditions  assumed  is  that  the  speed 
is  constant.  Such  curves  are  particularly  useful  for  studying 
the  various  reactions  that  exist  between  the  field-magnet  and 
armature. 


f 


Separately-Excited  Machines. 


185 


A  careful  study  of  the  characteristics  of  separately-excited 
dynamos  was  made  by  Mr.  W.  B.  Esson,^  who  gave  the 
following  curve  for  a  separately-excited  dynamo  having  a 
modified  Pacinotti  ring  armature.  The  line  E  (Fig.  124) 
represents  the  total  electromotive-force  if  there  were  no 
reactions.  The  line  e  represents  the  values  of  the  potential 
between  the  brushes  of  the  machine  &s  it  would  be  if  there 
were  no  reaction. 

The  curved  line  B  gives  the  actually-observed  values  of  e 
when  different  currents  were  taken  from  the  machine.  The 
greater  drop  at  the  lower  end 
of  the  curve  is  probably  due 
to  the  greater  demagnetizing 
effect  when  there  is  a  con- 
siderable lead  at  the  brushes. 
The  characteristic  always 
shows  such  downward  curva- 
ture more  when  the  field- 
magnets  are  weakly  excited. 

Efficiency  and  Uco7iomic 
Coefficient  of  Dynamos, — 
Suppose  that  we  know  the  ac- 
tual mechanical  horse-power 
applied  in  driving  a  dynamo. 
This  can  be  measured  directly 
either  by  using  a  tmnsmis- 
sion  dynamometer,  or  by  tak- 
ing an  indicator  diagi-am 
fi-om  the  steam  engine  that  is  driving  it,  or,  in  certain  special 
cases  where  the  field-magnets  can  be  pivoted  or  counteipoised, 
by  applying  the  method  orginally  pursued  by  the  Rev. 
F.  J.  Smitli,'  and  later  described  by  M.  Marcel  Deprez  and 
by  Professor  Brackett,  in  which  the  actual  mechanical  inter- 
action between  the  armature  and  field-magnets  is  utilized  to 
measure  the  horse-power  used  in  driving  the  machine.  If, 
then,  we  know  the  mechanical  horse-power  applied,  and  if 

^Electrical  Review,  xlv,  398,  April  1884.  See  also  papers  by  M.  Marcel 
Deprez,  Comptes  Rendus,  xciv.  pp.  15  and  86,  1882. 
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we  mensure  the  output  of  electric  horse-power  of  the  dynamo, 
we  have  by  comparing  the  mechanical  power  absorbed  with 
the  electric  power  developed,  a  measure  of  the  efficiency  of 
the  dynamo.  It  must,  of  course,  be  borne  in  mind  that 
part  of  the  electric  energy  developed  is  inevitably  wasted 
in  the  machine  itself,  in  consequence  of  the  resistance  in 
the  wire  of  the  armature,  and,  in  the  case  of  self-excited 
dynamos,  in  the  wire  of  the  field-inagnet  coils.  There  must, 
therefore,  be  drawn  the  distinction  mentioned  on  p.  107 
between  tlie  gross  efficiency  of  the  machine,  or  as  it  is  some- 
times called,  its  "  efficiency  of  electric  conversion,"  and  its 
nett  efficiency  or  commercial  efficiency.  We  must,  however, 
have  the  means  of  measuring  the  electric  output  of  the 
dynamo. 

As  is  well  known,  the  energy  per  second  of  a  cuiTent  is 
expressed  as  the  product  of  two  factoi-s,  namely,  the  number 
of  ampere%  of  current,  and  the  number  of  volts  of  potential 
between  the  two  ends  of  that  part  of  circuit  in  which  the 
energy  to  be  measured  is  being  expended.  The  number  of 
amperes  of  current  is  measured  by  a  suitable  amperemeter  ; 
the  number  of  volts  of  potential  by  a  suitable  voltmeter. 
The  product  of  the  volts  into  the  amperes  expresses  the 
electric  energy  expended  per  second,  in  terms  of  the  unit  of 
power  denominated  the  watt  (1000  watts  =  1  kilotvatt). 
As  1  horse-power  is  equal  to  746  watts,  the  number  of  volt- 
amperes  ({,  e.  of  watts)  must  be  divided  by  746  to  give  the 
result  in  horse-power.  If  C  represents  the  current  in  amperes, 
and  e  the  difference  of  potential  in  volts,  then  the  number  of 
watts  of  power,  for  which  we  may  use  the  symbol  «?,  may  be 
written 

w=MeC  -T-  746.     ......     [V.] 

. 
The  ratio  of  the  useful  electrical  power  realized  in  the 
external  circuit  to  the  total  electric  power  that  is  developed 
in  the  armature  is  called  the  "  electrical  efficiency "  or 
"economic  coefficient*'  of  the  machine.  It  may  be  expressed 
algebraically  as  follows : — If  through  an  armature  there  is 
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flowing    a    current  of  C   amperes,   and   its   total   electro- 
motive-force  be  E  volts,  then  its  total  electric  activity  will  be 

=  E  Ca  (watts). 

If  the  volts  of  pressure  between  the  terminals  of  the  dynamo 
be  e,  then  the  useful  activity  is 

=  e  C  watts. 

Using  the  symbol  1?  for  the  "  economic  coefficient,"  or  so- 
called  "  electrical  efficiency,"  we  have 

useful  activity e  C 

total  activity         E  Ca' 

or,  if  the  machine  has  no  shunt,  so  that  C  and  €«  ai-e  the 
same  thing, 

e 

But  we  know  that  the  i*atio  ~  depends  on  the  relation  of  the 

E 

internal  and  external  resistances,  for 

g  =-^ — r'^®®®  equation  [III.]), 

where  R  is  the  resistance  of  the  external  circuit,  and  r  the 
internal  resistance  (armature,  magnets,  etc.)  of  the  machine. 
Hence,  for  a  series  dynamo  or  a  m^neto*machine. 

Obviously,  this  coefficient  will  approach  more  and  more 
nearly  to  v/nity  the  more  that  the  value  of  r  can  be  dimin- 
ished. For  if  a  machine  could  be  constructed  of  no  internal 
resistance  there  would  be  none  of  the  energy  of  the  current 
expended  in  driving  the  cuiient  through  the  armature  and 
wasted  in  heating  its  coils. 

We  shall  see  later  on  how  the  expression  for  the  economic 
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coefficient  ^j  must  be  modified  in  the  case  of  shunt  dynamos 
and  compound  dynamos. 

Remembering  that  the  gross  electric  power  of  the  machine 
is  E  Co  watts,  or,  in  hoi*se-power  E  C^  -i-  746,  we  have  for  ilie 
gro%%  efficiency ^  or  efficiency  of  electric  convei-sion, 

EC, 
H.  P.  X  746' 

and  for  the  nett  efficiency^  or  useful  commercial  efficiency. 

^ 

H.P.  X746- 

It  will  be  seen  that,  as  the  first  of  these  expressions  contains 
E,  and  the  second  ^,  the  net  efficiency  can  be  obtained  from 
the  gross  efficiency  by  multiplying  by  i?,  the  economic  co- 
efficient. 

Variation  of  Economic  Coefficient  tvith  Current* — It  must 
be  noticed  before  passing  from  this  topic  that  since  C,  the 
current,  entei-s  into  each  of  the  expressions  for  efficiency  as  a 
factor,  and  as  C  depends  not  only  on  the  resistance  of 
the  machine  itself,  but  on  that  of  the  lamps,  or  other  parts 
of  the  system  which  it  is  used  to  feed,  the  efficiency  of  the 
dynamo  will  dififer  at  different  loads.  As  a  rule  the  effi- 
ciency of  a  dynamo  is  greater  at  low  loads  than  at  full 
load,  owing  to  the  circumstance  that  the  heat-waste  increases 
as  the  square  of  the  current.  This  should  be  contrasted 
with  the  case  of  steam  engines  in  which  the  efficiency  is 
highest  at  full  load.* 

The  Series  Dynamo. 

In  the  series  dynamo  (see  Fig.  125,  also  Fig.  39),  there  is 
but  one  circuit,  and  therefore  but  one  current,  whose  strength 
C  depends  on  the  electromotive-force  E  and  on  the  sum  of 
resistances  in  the  circuit.     These  are : — 

R  =  the  external  (variable)  resistance. 

r^  =  the  resistance  of  the  armature. 

r^  =  the  resistance  of  the  field-magnet  coils. 
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By  Ohm's  law — 

E  =  (R  +  r«  +  r«)  C. 

Also  e,  the  difference  of  potential  between  the  terminals  of 
the  machine,  is 

^  =  C  R. 

It  is  also  convenient  to  find  an  expression  for  the  difference 
of  potential  between  the  brushes  of  tlie  machine ;  the  volts 
measured  here  being  greater 
than  e,  because  of  the  resist- 
ance of  the  field-magnets ; 
and  less  than  E,  because  of 
the  resistance  of  the  armature 
coils.  For  this  difference  of 
potential  between  brushes  we 
will  use  the  symbol  e.  Then, 
by  Ohm's  law,  remembering 
that  the  current  running 
through  r«  and  R  is  of 
strength  C,  we  have 

^  =  (R  +  O  C  =  E  -  r,  C  ; 
whence,  also, 

^  =  E-(r,  +  r«)C. 

Economic  Coefficient  of  Series  Dynamo, — From  Joule's  law 
of  energy  of  current  it  follows  that  the  economic  coeflScient^, 
which  is  the  ratio  of  the  useful  electric  energy  available  in 
the  external  circuit  to  the  total  electric  energy  developed, 
will  be 

02  R  f  e 


or 


useful  work 
total  work   ^  C^  (R  +  ra  +  r«)  t  ^  E' 


R 


R  +  ^a  +  ^m 


[VII.] 


This  is  obviously  a  maximum  when  r^  and  r^  are  hoth 
very  small.     They  are  usually  about  equal. 
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Example, — In  a  Phoenix  arc-lighting  dynamo,  designed  by 
E^sson,  To  =  3*448  ohms,  and  r„»  =  4-541  ohms.  If  C  =  10  amperes, 
the  lost  volts  will  be  79-89. 

Further  than  this  we  cannot  go  without  introducing  some 
kind  of  an  expression  to  connect  E  with  the  number  of 
ampere-turns  in  the  exciting  coils.  If  we  introduce  the  con- 
venient approximate  formula  of  Frolich,  as  given  on  p.  143, 
we  shall  obtain  some  approximate  dynamo  formulae.  These 
were  given  in  detail  on  pp.  401  to  410  of  the  third  edition  of 
this  book ;  wherein  also,  at  pp.  620,  627  and  632,  were  given 
the  more  elaborate  developments  by  Frolich,  by  Clausius, 
and  by  Riicker. 

The  ShiTnt  Dynamo. 

In  the  shunt  dynamo,  there  are  two  circuits  to  be  con- 
sidered ;  the  main  circuit,  and  the  shunt  circuit.  The  symbols 
used  have  the  following  meanings. 

P  =  I'esistance  of  external  main 
circuit  (leads,  lamps,  &c,). 

r„  =  resistance  of  armature. 

r,  =  resistance  of  the  shunt  cir- 
cuit (magnet  coils). 

C  =  the  current  in  the  external 
main  circuit. 

Cfl  =  the  current  in  the  arma- 
ture. 

C,  =  the  cun-ent  in  the  shunt 
circuit  (the  lost  amperes). 

Then,  clearly. 

Fig.  126.  Ca  =  C  -f  C. ; 

because  the  current  generated  in  the  armature  splits  into 
these  two  parts  in  the  main  and  shunt  circuits,  and  is  equal 
to  their  sum. 

We  may  call  that  part  of  the  whole  current  which  returns 
through  the  shunt,  and  is  not  available  in.  the  external  circuit, 
the  lo%t  amperes:  in  a  good  modern  machine  they  are  at  most 
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only  2  or  8  per  cent,  of  the  whole  output  of  current.  If  e  is 
the  volts  at  the  teiminals,  the  lost  amperes  may  be  calculated 
as 

C,  =  c  -5-  r^ 

For  example,  in  the  Kapp  dynamo  (Fig.  259),  giving  200 
amperes  at  a  pressure  of  105  volts  at  terminals,  r«  was  31  ohms, 
hence  the  lost  amperes  were  3*4  and  total  current  in  armature  at 
full  load  203'4  amperes. 

Also,  by  Ohm's  law,  we  have  for  e  the  electromotive-force 
between  terminals, 

«  =  C  R, 

and  also 

e  =  C.  r,; 

because  the  terminals  for  the  main  circuit  are  also  the 
terminals  for  the  shunt  circuit. 

Further,  since  the  uett  resistance  of  a  bmnched  circuit  is 
the  reciprocal  of  the  sum  of  the  reciprocals  of  the  resistances 
of  its  parts,  the  nett  external  resistance  from  teiminal  to 

R  T 
terminal  is  equal  to  ^   .  *  •  ;  and  hence  it  follows  that 

/  R  r,  \ 

We  may  at  the  same  time  find  an  expression  for  that  part 
of  the  whole  electromotive-force  which  is  being  employed 
solely  to  overcome  tlie  resistance  of  the  armature,  and  which 
is,  of  course,  the  difference  between  E  the  total  electromotive- 
force,and  e  the  effective  electromotive-force  between  terminals. 

Ohm's  law  at  once  gives  us 

or 

E  -  e  =  ra  (C  +  C.). 

From  this  we  also  get 

^  =  E  -  r,  (C  +  0;) [VIII.] 
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We  will  also  find  an  expression  for  E  in  terms  of  «,  and 
the  various  resistances.    Taking  as  above 

and  writing  for  Ca  its  value  as  C  +  C,  and  for  these  «/  R  and 
e/r,  respectively,  we  get 

(  R  r,  +  R  r,,  +  r„  r.      R  +  r, ) 

E  =  M WV^, X-R77P 


or 

E 


=  «x»--(i+7^+^)  ....  [vin.jw.] 


It  may  be  noted  that  the  expression  (jj  +  ^H — )w  the 

sum  of  three  conductances  of  three  paths,  and  is  therefore 
equal  to  the  conductance  of  these  three  paths  united  in 
parallel  with  one  another ;  that  is  to  say,  the  conductance  as 
measured  from  brush  to  brush  with  the  external  circuit  and 
shunt  circuit  joined  up.  Or,  if  we  write  "R  for  the  resistance 
of  the  whole  system  of  machine  and  circuit,  as  thus  measured 
from  brush  to  brush,  then  the  equation  may  be  written 

The  economic  coefificient  v*  is  the  ratio  of  the  useful  electric 
energy  available  in  the  external  circuit  to  the  total  electric 
energy  developed. 

'  ^  Joule's  law  there  is  developed  in  t  seconds  in  the  external 
circuit 

useful  work  =  C*  R  f , 

and  in  the  same  time  there  is  wasted  on  heating, 

energy  spent  in  shunt  =  C,*  r,  f , 
and 

energy  wasted  in  armature  =  Co^  Va  t; 
whence 

useful  work C*  R 

total  work  ""  C^  R  +  C.^  r.  -V  Q^  r^ 

I 


R  ,   C2  ra  +  2  C  a  r„  +  C.«  r^ 


i  +  r + 


r.  C«R 
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Kliminating  the  values  of  currents  this  reduces  to  the  form, 

_  1 

R 


'^r.  ('*?:) +  ^^^ 


Now,  for  brevity,  write  for  the  total  internal  resistance,  ra  +  is 
the  single  symbol 


^  — 


For  this  ratio  to  be  a  maximum  it  is  clear  that, 


or 


whence 


or 


dB. 


R-i^r.r.y/J. 


most  m^% 


This  equation  determines  what  particular  resistance  of  the  ex 
temal  main  circuit  will  give  the  best  economy  with  given  in- 
ternal resistances.    Now  substitute  this  value  in  those  terms  of 
the  equation  for  n  which  contain  R,  and  we  get  as  their  values:— 


^=1      A==ji!al 

^ Ta        /  r  

R-r.  Vt:- 


Ta  r. 


whence 


^_  useful  work 

V  — 


total  work        1  +  2  1^     2^' 
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This  may  be  still  further  simplified,  for  we  know  that  the  resist- 
•  ance  of  the  shunt  is  very  high  compared  with  that  of  the  arm- 

ature,  possibly  from  300  to  3000  times  as  great.    If,  then,  -^is  so 

small  a  term  in  comparison  with  the  other  term  as  to  be  negligible, 
we  get 

•n= ^=; [X.] 

1  +  2 — — 

and  since  ra  is  small  compared  with  r,,  r  is  very  nearly  equal  to 
r^  so  that  we  may  write,  as  an  approximate  equality, 


^  = 


1  +  2  V" 


or 


'?== ^— -= [XI.] 

V     r. 

This  latter  approximate  value  is  identical  with  that  given  by 
Lord  Kelvin  in  the  Report  of  the  British  Association  for  1881 :  the 
equation  No.  [X].  is,  however,  more  correct.  It  follows  from 
eqtiation  [XL]  that  the  resistance  of  the  shunt  coil  should  be  at 
least  324  times  as  great  as  the  internal  resistance  of  the  armature, 
otherwise  the  efficiency  will  be  lower  than  90  per  cent. 

It  may  be  pointed  out  that  it  follows  from  equation 
No,  [IX.]  above,  that  when  the  resistance  of  the  armature  is 
small  compared  with  that  of  the  shunt,  so  that  r,  may  be  taken 
as  equal  to  the  value  of  r  (which  would  be  highly  desirable 
if  it  could  be  attained  in  practice),  then  we  should  have 


R=i/r„r.; [XII.] 

that  is  to  say,  when  the  proportion  between  Va  and  r.  is  made 
as  favorable  as  possible,  then  the  best  external  resistance  to 
work  with  from  the  economic  point  of  view  is  that  resistance 
which  is  a  geometric  mean  between  the  resistances  of  the 
armature  and  of  the  shunt  coils,  and  any  departure  from  this 
will  diminish  the  value  of  the  economic  coefficient. 
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In  the  case  of  machines  for  which  an  electrical  efficiency 
not  exceeding  90  per  cent,  is  sufficient,  the  rale  works  out  as 
follows : — Ascertain  what  number  of  lamps  will  be  the  usual 
full  load :  reckon  the  resistance  of  them  when  connected  to 
the  mains.  Let  the  aimature  resistance  be  only  one-twentieth 
of  this  ;  and  let  the  shunt  resistance  be  twenty  times  as  great 
as  this.  In  this  case  about  4  per  cent,  will  be  wasted  in  the 
armature,  and  about  4  per  cent,  in  the  shunt,  leaving  a  margin 
of  a  little  over  90  per  cent,  for  the  economic  coefficient. 

In  a  shunt  machine  described  by  Sir  C.  W.  Siemens  in  the 
Philoaophical  Transactions,  1880,  the  results  were: — 


Armature. 

Shunt 

r»/ra 

If  obaenred 
percent. 

Siemens 

0-204 

11-26 

48-4 

690 

The  EkLison-Hopkinson  machine,  described  on  p.  353,  gave:— 


i  Resistance ) 
when  cold  ) 

0  000947 

16-93 

1702 

93-66 

The  Kapp  dynamo  alluded  to  above,  p.  191,  and  described  on 
p.  857,  gave,  including  the  series  coil  with  the  armature: — 


1 

(Cold) 

■ 

00806 

29183 

952 

92 

(Warm) 

0  0329 

31  08 

945 
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CHAPTER  X. 

CHARACTERISTIC  CURVES. 

So  many  practical  problems  in  the  construction  of  dynamo- 
electric  machines  are  in  the  present  state  of  science  solved  by 
the  use  of  graphic  diagrams,  and  particularly  by  the  use  of 
certain  cui-ves  technically  called  characteristics^  that  the 
method  of  constructing  and  using  them  forms  an  important 
part  of  the  theory  of  the  dynamo.  For  many  pi-actical  pur- 
poses no  other  method  is  half  so  useful. 

The  chai-acteristic  curve  stands  indeed  to  the  dynamo  in  a 
relation  very  similar  to  that  in  which  the  indicator  diagram 
stands  to  the  steam  engine.  As  the  mechanical  engineer,  by 
looking  at  the  indicator  diagram  of  a  steam  engine,  can  at  once 
fonn  an  idea  of  the  qualities  of  tlie  engine,  so  the  electrical 
engineer,  by  looking  at  the  characteristic  of  the  dynamo  can 
judge  of  the  qualities  and  performance  of  the  dynamo.  The 
comparison  may  even  be  said  to  reach  farther  than  this. 

The  steam-engine  indicator  diagram  serves  two  purposes 
which,  though  not  unconnected  with  one  another,  are  yet 
(liGtinct.  When  the  scale  on  which  tlie  diagram  is  drawn  is 
known,  it  gives  direct  information  as  to  the  horse-pcfwer  at 
which  the  engine  is  working,  depending  on  the  total  ai^ea 
enclosed  by  the  curve,  and  quite  irrespective  of  its  form. 
But  even  though  the  actual  scale  be  not  known,  the  details  of 
the  fcrm  of  the  curve  at  its  various  points  give  very  definite 
information  to  the  engineer  as  to  the  working  of  the  engine, 
the  periectio]\  of  the  exhaust,  the  setting  of  the  valves,  the 
efficiency  of  the  cut-off,  and  the  adequacy  of  the  supply  pipes 
and  port-holes  of  the  valves. 

So  also  the  characteristic  curve  of  tlie  dynamo  may  serve 
two  f unctionc.     When  tho  scale  on  which  it  is  drawn  is  known 
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it  tells  the  horse-power  at  which  the  djnamo  works ;  nay, 
can  indicate  at  what  horse-power  the  dynamo  may  be  worked 
to  the  greatest  profit.  But  even  though  the  actual  scale  be 
not  known,  the  details  of  the  form  of  the  curve  afford  definite 
information  as  to  the  conditions  of  the  working  of  the  machine ; 
the  degree  of  saturation  of  its  magnets,  the  sufficiency  of  the 
field-magnets  in  propoHion  to  the  armature,  and  the  goodness 
of  the  design  in  several  respects* 
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Fig.  127.— Chabactkribtio  Cubvs  of  a  Sbbibs  DnrAMO. 


The  first  self-exciting  dynamos  put  into  commerce  were 
series  wound ;  they  were  found  to  possess  a  most  puzzling 
instability  of  behaviour,  sometimes  losing  their  cun*ent 
altogether,  and  refusing  to  excite  themselves.  This  and 
other  peculiarities  were  not  undei-stood  until  the  curves  of 
their  performance  were  studied. 
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The  suggestion  to  represent  the  properties  of  a  dynamo 
machine  by  means  of  the  characteristic  curve  is  due  to  Dr. 
Hopkinson,  who  in  1879  described  such  curves  to  the  In- 
stitution of  Mechanical  Engineer,  and  gave  the  curve  of 
the  Siemens  dynamo  reproduced  in  Fig.  127.  The  name  of 
"  chai*acteristic  "  was  assigned  in  1881' by  M.  Marcel  Doprez^ 
to  Hopkinson's  curves ;  and  the  excellence  of  the  name  has 
been  attested  by  its  general  adoption. 

Dr.  Hopkinson's  object  was  to  represent  the  I'elation  sub- 
sisting between  the  electromotive-force  and  the  current ;  he 
therefore  constructed  from  observations  a  curve  in  which  the 
abscissse  measured  horizontally  represent  the  number  of 
amperes  of  current  flowing,  and  the  vertical  ordinates  the 
corresponding  values  of  the  electromotive-force.  The  fol- 
lowing table  gives  the  observed  values  C  of  the  current, 
and  E  the  electromotive-force,  of  a  certain  series-wound 
dynamo. 


Experiments  on  Siemens  Dynamo  at  Speed  of  720  Revolutions 

PER  Minute. 


Current 
(in  amperes). 

Resistance 

(In  ohms). 

B 

Electromotive-Force 

(in  volts). 

E 

0-0027 

1025 

2-72 

0-48 

8-3 

3-95 

1-45 

5-33 

7-73 

16-8 

4-07 

68-4 

18-2 

3-.88 

70-6 

24-8 

3-205 

79-5 

26-8 

3-025 

81-1 

32-2 

2-62 

84-4 

84-5 

2-43 

83-8 

871 

2-28 

84-6 

42-0 

2-08 

87*4 

•Vide  La  Lumth-e  £lectriqne,  Dec.  3,  1881;  where,  howeyer,  Depres 
glyes  a  method  of  observation  that  is  open  to  the  objection  that  it  neglects 
the  armature  reactions. 
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It  may  be  remarked  that  the  electromotive-force  £  is  the 
total  electromotive-force  generated  in  the  machine,  and  must 
not  be  confounded  with  e  the  difference  of  potential  between 
the  terminals  as  measured  by  a  voltmeter,  or  other  similar 
instrument.  In  many  cases  we  now  prefer  to  plot  e  instead 
of  £ ;  but  that  was  not  Hopkinson's  original  method.  He 
determined  E  by  measuring  C  and  multiplying  it  by  the  total 
resistance  of  the  circuit ;  for  by  Ohm's  law  C  R  =  E.  It 
should  also  be  remarked  that  the  dynamo  was  a  *^  series 
dynamo,"  shunt-wound  machines  not  having  at  that  date 
come  into  vogue. 

Before  entering  into  other  points,  it  may  be  worth  while 
to  consider  the  meaning  of  the  curve.  It  begins  at  a  point  a 
little  above  the  origin.  This  shows  that  there  was  a  small 
amount  of  residual  magnetism  remaining  permanently  in  the 
field-magnets.  The  curve  ascends  at  first  at  a  steep  angle, 
then  curves  round  and  eventually  assumes  a  nearly  straight 
course,  but  at  a  gentler  slope  than  before.  As  the  speed  is 
constant — it  was  maintained  at  720  revolutions  per  minute  in 
Hopkinson's  experiments — the  only  variable  of  importance  is 
the  magnetism.  As  this  rises  and  grows  toward  a  maximum, 
so  does  the  induced  electromotive-force.  We  might  therefore 
expect,  as  Hopkinson  points  out,  that  this  curve  should 
exhibit  peculiarities  of  form  .similar  to  those  of  the  curve 
which  represents  the  relation  between  the  magnetizing  cur- 
rent and  the  magnetization  of  an  electi*omagnet ;  and  a  com- 
parison of  Fig.  127,  the  "  characteristic  "  of  the  series  dynamo, 
with  Fig.  86,  the  "  magnetization  curve  "  of  an  electromagnet, 
will  suffice  to  reveal  the  analogy.  It  must,  however,  be 
pointed  out  that  the  magnetism  is  affected  by  the  reaction  of 
the  armature. 

It  is  possible  for  a  dynamo  to  be  made  to  draw  its  own 
characteristic  by  mechanically  moving  the  pencil  relatively 
to  the  paper  (as  in  steam  indicatoi-s)  by  means  of  two  electro- 
magnets, one  of  them  being  excited  by  the  main  current,  the 
other  being  connected  as  a  shunt  to  the  terminals  of  the^ 
machine.  ' 
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Dr.  Hopkinson,  in  the  paper  alluded  tx),  and  in  a  second  one 
published  in  the  Proc,  Inst.  Mech.  Engin.,  in  April  1880,  p.  206, 
pointed  out  a  great  many  of  the  useful  deductions  to  be  drawn 
from  a  consideration  of  these  curves.  Some  other  deductions 
have  been  made  by  M.  Marcel  Duprez,  for  which  the  reader  is 
referred  to  La  Lumiere  Electrique^  of  Jan.  6th,  1884.  Dr.  Frolich 
has  also  published  several  important  papers  on  the  subject  in  the 
Elektrotechniache  Zeitachrift  for  1881  cuid  1885.  Dr.  Hopkinson 
returned  to  the  subject  in  a  lecture  before  the  Institution  of  Civil 
Elngineers,  **  On  Some  Points  in  Electric  Lighting,"  April  1882. 
See  also  his  book  on  Dynamo- Electric  Machines  (London  1893). 

As  mentioned  at  the  beginning  of  this  chapter,  if  the 
characteristic  curves  are  drawn  to  scale  the  output  of  the 
dynamo  may  be  read  off  from  them  in  horse-power.  The 
unit' of  electric  power,  the  product  of  one  volt  into  one  am- 
pere, has  been  called  by  the  special  name  of  one  watt.  One 
watt  (or  volt-ampere)  is  equal  to  y^^  of  a  horse-power.  To 
calculate  the  horse-power  (electrical)  evolved  in  the  circuit 
when  the  dynamo  iiS  running  with  any  number  of  lamps  in 
circuit,  two  measurements  have  ordinarily  to  be  made — the 
volts  of  electromotive-force  and  the  amperes  of  current. 
These  must  then  be  multiplied  together  and  divided  by  746 
to  obtain  the  horse-power.  But  if  the  characteristic  of  the 
dynamo  at  the  particular  speed  be  known,  a  reference  to  the 
curve  will  show  at  once  what  the  electromotive-force  is  that 
corresponds  to  any  particular  current.  For  example,  in  the 
Siemens  dynamo  examined  by  Hopkinson,  the  characteristic 
of  which  is  given  in  Fig.  127,  p.  197,  suppose  the  dynamo 
was  working  through  such  a  resistance  as  to  give  80  amperes 
when  running  at  720  revolutions,  we  see  at  once  that  the 
corresponding  electromotive-force  is  83.     Hence 

83  X  30      Q  Q  u 

— ^s-rp —  ==  3-3  horee-power. 

Now  to  obviate  such  calculations  we  may  plot  out  on  the 
diagram  some  additional  curves  crossing  the  characteristics 
and  mapping  them  out  into  equal  values  of  horse-power. 
These  "  horse-power  lines  "  are  nothing  else  than  a  set  of  rect- 
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angular  hyperbolas.  For  example,  the  1-horse-po wer  line  will 
pass  through  all  the  points  for  which  the  product  of  volts  and 
amperes  is  equal  to  746.  It  will  therefore  pass  through  the 
poii)t  corresponding  to  74*6  volts  and  10  amperes ;  through 
37-3  volts  and  20  ampei*es;  through  14*92  volts  and  50 
amperes,  &e.,  because  the  product  in  each  of  those  cases  is 
equal  to  746  watts  or  1  hoise-power.    The  2-hor8e-power  line 


Fig.  188.— Characteristic  with  Horse-power  Lines. 


will  pass 
746  X  2, 
shows  the 
from  Fig. 
In  this 
force  E, 
represents 


through  points  whose  product  values  are  equal  to 
and  the  other  lines  in  the  same  way.  Fig.  128 
characteristic  of  the  Siemens  machine,  reproduced 
127  above,  but  with  the  horee-power  line  added, 
case  the  volts  plotted  are  the  total  electromotive- 
of  the  dynamo,  and  therefore  the  horse-power 
the  gross  electric  output.     If  instead  of  E  we  had 

13— Vol.  3 
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plotted  the  values  of  e,  tlie  volts  at  the  terminals,  we  sliould 
have  had  a  slightly  different  curve,  representing  the  nett 
output  in  the  external  circuit  available  for  useful  purposes. 

If  the  vertical  and  horizontal  scales  are  not  chosen  equal, 
the  horse-power  lines,  though  hyperbolae,  are  of  course  dis- 
torted. 

'^  External "  Characteristics  or  Terminal  Potential  Curves. — 
The  name  external  characteristic  may  be  given  for  the  sake  of 
distinction  to  those  curves  which  exhibit  the  relation  between 
the  potentials  and  the  currents  of  the  external  circuit.  In  the 
series  dynatno  it  is  a  simple  matter  to  derive  one  of  these 
curves  from  the  other,  provided  the  internal  resistance  of  the 
machine  (armature  and  field  magnets)  is  known.  In  the 
Siemens  dynamo  examined  by  Hopkinson  in  1879,  and  of 
which  Figs.  127  and  128  give  the  total  characteristic,  the  total 
internal  resistance  was  0-6  ohm.  The  curve  is  reproduced  for 
a  third  time  in  Fig.  129,  where  it  is  marked  "  E.**  Now  to 
force  a  current  of  10  amperes  through  a  resistance  of  0-6  of 
an  ohm  would  require  a  difference  of  potential  of  6  volts 
between  its  terminals.  Looking  at  the  curve,  we  see  that  the 
whole  electromotive-force,  corresponding  to  10  amperes,  was 
about  46-5  volts.  Of  this  number,  6  were  employed  as 
mentioned,  in  overcoming  the  internal  resistance,  leaving  40*5 
volts  as  the  available  potential  between  terminals.  Further, 
when  the  current  was  running  at  50  amperes,  there  must  have 
been  no  less  than  30  volts  lost  in  overcoming  the  internal 
i^sistance  of  0-6  ohm  :  and  as  the  value  of  E  for  this  current 
is  90-6  volts,  there  remain  60-5  volts  for  e.  There  are  now 
two  ways  open  to  us  of  representing  these  matteiB  on  our 
diagram.  They  are  both  shown  in  Fig.  129.  The  line  J  is 
drawn  through  the  origin,  and  through  the  values  of  6  volts 
for  10  amperes  and  30  volts  for  50  amperes.  (The  tangent  of 
the  slope  of  the  line  J  is  equal  to  6  -r-  10  =  0*6.  We  shall 
see  later  that  this  slope  represents  the  internal  resistance.) 
Then  if  the  heights  of  the  ordinates  from  the  base  line  up  to 
the  line  E  represent  total  volts  induced,  and  if  the  heights  of 
the  ordinates  from  the  base  line  up  to  the  line  J  represent  the 
corresponding  volts  lost  in  overcoming  internal  resistance  it 


Charcuteristic  Curves. 


203 


follows  that  the  difference  of  potentials  at  the  terminals  will  be 
represented  by  the  differences  of  the  ordinates  between  the  lines 
J  ai\d  E.  This  is  the  first  way  of  representing  those  differ- 
ences of  potentials.  The  second  way  is  to  cut  off  from  the 
tops  of  the  ordinates  portions  equal  to  those  of  the  lin^  J. 
This  amounts  to  subtracting  the  internal  volts,  which  as  shown 
in  the  algebraic  theory  are  equal  to  C  (r„  +  r^),  from  E,  and 
80  obtaining  the  values  of  e.     These  are  plotted  out  in  the 
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Fig.  129.— Total  and  External  Characteristics. 

curve  marked  "e"  in  the  figure;  and  as  this  curve  represents 
the  available  electromotive-force  in  the  external  circuit,  it 
obtains  the  name  of  external  characteristic  or  terminal  poten- 
tial curve.  As  a  matter  of  fact  it  is  more  usual  to  revei-se 
the  operation.  The  terminal  potential  values  are  easily 
observed  with  a  volt-meter  and  the  current  with  an  ampere- 
meter.   Then  the  external  curve  for  e  and  C  is  plotted ;  and 
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by  adding  to  the  ordinates  the  coiTesponding  values  of  the 
lost  volts,  we  so  obtain  the  curve  for  E  and  C.  If  there  is 
permanent  magnetism  in  the  magnets,  the  characteristics  will 
not  start  from  the  origin,  but  from  a  point  a  little  above  it. 
CharacteriBtics  of  Series  Dynamo, — The  Siemens  dynamo 
of  which  the  characteristic  is  given  in  Fig.  127  was  a  series 
dynamo.     For  the  sake  of  comparison  the  characteristic  is 

given  in  Fig.  130  of  an 
^/^  -  .  "  A  "  Gramme  machine 

also  series-wound.  Thi& 
machine  had,  when  it 
was  measured  by  M. 
Marcel  Deprez,  0-41 
ohm  resistance  in  the 
armature  coils  and  0-61 
ohm  in  the  coils  of  the 
field-magnets .  Two 
characteristics  are 
given;  one  correspond- 
ing to  a  speed  of  1440, 
the  other  to  a  speed  of 
950  revolutions  per 
minute.  The  horse- 
power lines  are  shown 
in  dot  also. 

In  the  series  dynamo 
the  magnetization  of  the 
magnets  increases  with 
the  current,  and  there 
*^  fore,  at  fii-st,  the  electro- 
motive-force increases 
also,  giving  the  fii"st 
straight  portion  of  the 
curve.  As  the  magnets  approach  saturation  the  curve 
turns,  and,  as  the  reactions  due  to  the  current  in  the  annature 
now  become  of  relatively  great  importance,  flattens  itself  and 
ultimately  turns  down  again ;  the  increased  lead  of  the  brushes 
greatly  adding  to  tlie  effect.     The  fall  in  the  characteristic  is 


Fio.  130.— Characteristic  at 
Different  Speeds. 
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always  greater  in  the  case  of  weak  field-magnets.  It  also 
occui-s  most  in  those  machines  in  which  the  core  of  the  arma- 
ture is  more  nearly  saturated  than  are  the  cores  of  the  field- 
magnets  ;  for  as  with  large  currents  the  armature  cores  get 
saturated,  the  magnetic  leakage  becomes  relatively  greater. 
One  more  curve  of  a  series-wound  dynamo  is  given  in 
Fig  131.  This  is  a  small  Brush  machine  (intended  to  supply 
a  single  arc  light)  of  the  early  pattern,  with  solid  iron  ring, 
ill  which,  owing  to  the  peculiar  arrangement  of  the  coils  (see 
p.  454),  the  reactions  of  the  armature  make  themselves  known 
by  a  very  extraordinary  down-bending  of  the  characteristic. 
This  is  partly  due  to  the 
airangements  for  cutting  out 
a  pair  of  coils  as  they  ap- 
proach the  neutral  point.  It 
will  be  noticed  that  the 
(naximum  hoi-se-power  of 
diis  small  machine  is  1| 
horse ;  and  that  this  value  is 
5)nly  obtained  when  the  re- 
actions have  already  set  in. 
This  diminution  in  the 
electromotive-force  is  in 
practice  a  real  advantage. 
Should  the  machine  be  acci- 
dentally   shortrc  ircuited 

while  running,  the  reactions 

f  i.1.  i.  i.  xi     Fig.  131. — ^Dkoopino  CHAaAcx£BisTio. 

of  the  armature  prevent  the  *^x»,wwxj.^w  v.aA«Ma.vxxu»«  xv. 

production  of  an  injuriously  large  current,  which  might  over* 
heat  the  coils.  It  is  an  advantage  in  machines  for  arc-light- 
ing, where  a  nearly  constant  current  is  required,  to  employ 
machines  with  drooping  characteristics,  and  to  work  them 
at  this  part  of  the  curve  (see  p.  466). 

Relation  of  Characteristic  to  Speed. — The  electromotive- 
force  generated  in  a  rotating  coil  or  armature  would  be 
strictly  proportional  to  the  field,  were  it  not  for  the  reactions 
of  the  armature.  Now  in  a  series  dynamo,  the  field  depends 
on  the  current;  and,  if  the   cuirent  is  kept  constant  (by 
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2o6  Dynamo-Electric  Machinery. 

adjusting  the  resistances),  the  field  will  also  be  constant 
even  thougli  the  speed  be  varied.  If  therefore  the  character- 
istic of  a  machine  be  known  at  any  speed,  its  characteristic 
for  any  other  speed  can  be  found  by  the  very  simple  process 
of  increasing  the  oixiinates  of  the  curve  in  a  similar  propor- 
tion. Take,  for  example,  the  case  of  the  Gmmme  dynamo, 
of  which  a  characteristic  at  the  speed  of  250  revolutions  is 
given  in  Fig.  180.  The  characteristic  at  1440  could  be  cal- 
culated from  it  by  increasing  the  ordinates  in  the  proportion 

1440 
of   qrQ  '     Thus  we  see  from  the  lower  curve  that  when  the 

current  was  20  amperes  the  electromotive-force  was  79  volts. 

Then  79  X  1440  -r-  950  =  119-7  volts.  The  actual  electro- 
motive-force  observed  at  the  speed  1440  and  with  current  at 
20  amperes  was  127  volts.  There  is  a  slight  discrepancy 
here,  and  indeed  always ;  for  dynamo  macliines  behave  in- 
variably as  if  a  certain  number  of  the  revolutions  did  not 
count  electrically.  If  the  number  of  "dead  turns  "  (see  p. 
88)  were  here  reckoned  as  140,  the  number  of  volts  calculated 
by  theory  would  agree  very  exactlj'^  with  that  observed. 

Resistance  in  the  Characteristic. — In  the  characteristic  we 
have  volts  plotted  vertically  and  amperes  horizontally.  Now 
by  Ohm's  law,  volts  divided  by  amperes  give  ohms.  How 
can  this  be  represented  in  the  characteristic  ?  Suppose,  for 
example,  it  is  required  to  represent  the  resistance  of  the  cir- 
cuit corresponding  to  some  particular  cun-ent.  Let  Fig.  132 
be  the  characteristic  of  the  dynamo  in  question,  and  it  is 
desired  to  know  what  is  the  resistance  corresponding  to  the 
state  of  things  at  the  point  marked  P.  Draw  the  vertical 
ordinate  P  M,  and  join  P  to  the  origin  O.  The  line  P  O  has 
a  certain  slope,  and  the  angle  of  its  slope  is  P  O  M.  Now 
P  M  is  equal  to  the  electromotive-force  under  consideration, 
and  O  M  is  the  current.     Therefore,  by  Ohm's  law, 


I  ^    .  electromotive-force       P  M 


Resistance  :=  .  —  r^nr  % 

current  O  M 

but 

Q^j  =  tanPOM, 
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therefore  the  resistance  =  tan  POM.  Put  into  words,  this 
is : — The  resistance  corresponding  to  any  point  on  the  character^ 
istic  is  represented  hy  the  tangent  of  the  angle  made  hy  joining 
the  poi'nt  to  the  origin.  An  easy  way  of  reckoning  these 
tangents  is  shown  in  Fig.  132.  At  the  point  on  the  horizontal 
hne  corresponding  to  10  amperes  erect  a  vertical  line.  A  line 
drawn  from  the  origin  at  an  angle  whose  tangent  is  =  1 
(namely  45**)  would  cross  this  vertical  line  at  a  point  opposite 
the  10-volt  mark.  Tliis  ])oint  may  then  be  called  1  ohm,  and 
equal  distances  measured  off  on  this  line  will  constitute  it  a 
scale  of  resistances.  In  Fig.  132  the  resistance  corresponding 
to  point  P  of  the  characteris- 
tic is  seen  to  be  about  1'2 
ohm  on  the  scale  of  resist- 
ances. Now  P  is  placed  at 
51-3  volts,  and  the  current 
is  43-2  amperes.  Dividing 
one  by  the  other,  we  get 
118  ohm.  Calculations  are 
sometimes  more  convenient- 
ly made  by  graphic  con- 
struction. 

If  in  the  actual  dynamo 
the  resistance  of  the  circuit 
were  gradually  increased, 
we  should  have  the  point  P 
displaced  along  the   curve 

backwards  towards  the  origin,  the  volts  and  amperes  both 
falling  off,  and  the  steepness  of  the  line  O  P  increasing. 
When  O  P  arrived  at  a  certain  steepness  it  would  practically 
form  a  tangent  to  that  part  of  the  chai-acteristic  which  is 
nearly  straight,  and  then  any  very  small  increase  in  the  re- 
sistance would  cause  the  dynamo  to  lose  its  magnetism,  from 
lack  of  current  to  magnetize  the  magnets. 

Resistance  may  be  similarly  represented  on  the  character- 
istics of  any  dynamos ;  but  if  the  characteristic  is  drawn  for  the 
external  current  and  the  external  difference  of  potential,  then 
the  resistance  so  represented  will  be  the  external  resistance. 


90  40  B 

Fio.  132.— Method  of  Represent- 
ing RESISTA^X'E  GRAPmCALLY. 
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Relation  of  Characteristic  to  Winding  of  Armature  and 
Field-magnets. — Suppose  the  armature  of  a  machine  to  be  re- 
wound with  a  largenumberof  turns,  of  proportionally  thinner 
wire.  What  will  be  the  result  at  the  same  speed  as  before  ? 
The  resistance  will  be  increased  somewhat,  and  the  electro- 
motive force  also  will  be  higher.  Let  Fig.  133  represent  the 
characteristic  of  the  machine  as  it  was  when  there  wei^  X 
turns  of  wire  on  tlie  armature.  How  must  it  be  drawn  when 
the  number  is  increased  to  X'  ?  Let  P  represent  a  point  cor- 
responding to  a  certain  strength  of  current.  Taking  the  new 
armature,  let  the  external  resistance  be  varied  until  the  cur- 
rent once  more  comes  to  the  same  value.     The  magnets  are 

now  magnetized  exactly  as  sti'ongly 
as  before  ;  but  there  are  X'  turns  of 
wire  cutting  the  magnetic  flux,  in- 
stead of  X.  The  electromotive- 
force  will  therefore  also  be  greater  in 
the  like  proportion.  Draw  therefoi-e 
P'  C  so  as  to  have  the  proportion 
P'  C  :  P  C  : :  X' :  X.  All  other 
points  on  the  new  characteristic  can 
be  obtained  by  similarly  enlarging 
the  ordinate  in  the  same  i*atio. 

It  will  be  evident  from  this  that 
increasing  the  number  of  turns  of 
wire  in  the  armature  has  the  same 
effect  as  increasing  the  speed  of 
driving.  This  shows  that  slow  speed 
dynamos  (for  use  on  ships,  &c.)  may  be  made  to  give  the  re- 
quisite electromotive  force  provided  the  number  of  turns  of 
wire  be  relatively  increased.  This  involves,  however,  a 
sacrifice  of  economy,  because  of  the  increase  of  resistance  in 
the  armature,  or  of  prime  cost  if  thicker  wire  is  used. 

The  effect  of  altering  the  number  of  turns  of  wire  on  the 
field-magnets  can  also  be  traced  out  on  the  characteristic 
diagram.  Suppose  the  number  of  turns  in  the  magnetizing 
coil  be  S,  and  that  we  re-design  the  machine,  increasing  the 
number  to  S'  turns.    What  will  the  result  be  ?    In  this  case 


[ 
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we  shall  get  the  same  electromotive-force  when  driving  at  the 

same  speed  as   before,   provided   the   magnets  be    equally 

magnetized.    But  if  the  current  goes  S'  times  around  instead 

g 
of  S  we  shall  want  a  current  only  ^-,  as  strong  as  before,  to 

pix)duce  the  same  magnetization.  To  get  the  new  charac- 
teristic then  (see  Fig.  184,)  draw  P  E  horizontally.  P  E  = 
C  O  =  the  current  corresponding  to  electromotive-force  E. 
Find  P'such  that  P'  E  :  P  E  :  :  S  :  S' ;  then  the  new  charac- 
teristic will  pass  through  P'.     Similarly,  all  other  points  of 


Fig.  184. 


FlQwiaS, 


the  new  characteristic  may  be  determined  by  reducing  their 
abscisssB  in  a  similar  proportion. 

It  must  be  noted  that  these  two  processes  are  not  admis- 
sible for  the  characteristics  of  shunt-wound  machines. 

Critical  Currents  of  Series  Dynamo, — From  the  fact  that  the 
characteristics  for  different  speeds  differ  only  in  the  relative 
scale  of  the  ordinates,  an  important  consequence  may  be 
deduced.  The  first  part  of  every  characteristic  for  any  speed 
is  nearly  straight  up  to  a  point  where  for  that  speed  the 
electromotive-force  is  nearly  two4hirds  of  its  maximum 
value.  When  the  current  is  such  that  the  electromotive- 
force  has  attained  to  this  value,  any  very  small  change  either 
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in  the  speed  of  the  engine  or  in  the  resistance  of  the  circuit 
produces  a  great  change  in  the  electromotive-force,  and  there- 
fore in  the  current ;  therefore  since  this  critical  case  occurs 
always  with  the  same  current  (see  Fig.  135),  this  currents- 
corresponding  to  the  point  on  all  the  curves  where  the 
stmight  line  begins  to  turn — may  be  called  the  "  critical  cui> 
rent  *'  of  the  dynamo.  This  is  the  explanation  of  the  puz- 
zling instability  remarked  on  p.  197.  The  series  dynamo  only 
"  builds  "  its  magnetism  when  the  resistance  is  low  enough, 
and  when  excited  and  running  will  "  unbuild,*'  or  lose  its 
magnetism,  if  the  resistance  of  the  circuit  is  increased  too 
much.  Each  series  dynamo  has  its  own  critical  current, 
and  it  will  not  work  with  a  less  one  ;  for  a  less  one  will  not 
adequately  excite  the  field-magnets.  Since  with  each  speed 
the  characteristic  rises  with  a  corresponding  slope,  there  will 
be  at  each  value  of  the  speed  one  particular  resistance  at 
which  the  current  will  have  the  critical  value;  and  the 
higher  tlie  speed  the  higher  may  be  the  resistance.  There  is 
no  such  thing  as  a  critical  resistance  per  ae  :  for  whether  a 
resistance  is  critical  or  not  depends  upon  the  speed.  Neither 
is  there  any  siich  thing  per  se  as  a  critical  speed  for  a  series 
dynamo  ;  for  whether  the  speed  is  critical  or  not,  depends  on 
the  resistance  of  the  circuit. 

Characteristic  of  Shunt  Dynamo. 

For  the  shunt  dynamo  there  are  two  separate  characteris- 
tics ;  the  external  characteristic^  in  which  the  quantities 
plotted  are  the  amperes  of  current  in  the  external  circuit  and 
the  volts  of  potential  between  terminals;  and  the  internal 
characteristic  in  which  the  volts  and  amperes  of  the  shunt 
circuit  are  plotted.  The  internal  characteristic  of  the  shunt 
dynamo  is  quite  similar  to  the  external  characteristic  of  a 
seriesi  dynamo,  and  shows  the  saturation  of  the  field-magnets^ 
It  is  better  to  plot  it  with  ampere-tunis  instead  of  amperes, 
because  the  magnetization  depends  on  the  number  of  turns  in 
the  coil  as  well  as  the  amperes. 

The  external  chamcteristic  of  a  small  shunt  dynamo 
(the  same  described  by  the  late  Sir  William  Siemens  before 
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the  Royal  Society  in  1880,  and  by  Mr.  Alexander  Siemens 
in  the  Joum.  Soe.  Teleg.  Eng.^  March  1880)  is  given  in  Fig. 
136,  and  the  horse-power  lines  are  shown  dotted.  The  utmost 
power  of  this  machine  at  630  revolutions  was  just  under  2 
horse-power  with  a  current  of  80  amperes,  and  an  electro- 
motive-force of  47*5  volts. 


3 

> 


30  «0 

AMPCftCS 


Aa  186.— External  CHARACTERisno  of  Shunt  Dynamo. 


The  curve  of  the  shunt  dynamo  is  curiously  different 
from  that  of  the  series  dynamo.  It  begins,  on  open  circuit, 
At  a  point  (marked  e)  where  the  volts  are  a  maximum  and 
niQs  slightly  descending  from  the  horizontal :  then  descends 
rapidly  and  returns  towards  the  origin  in  a  nearly  straight  line* 
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The  straight  portion  represents  the  unstable  state  when  the 
shunt  current  is  less  than  its  true  critical  value.  The  critical 
external  current,  if  it  can  be  so  called,  is  in  Fig.  136  about 
80  amperes.  The  slope  of  the  line  which  constitutes  the  last 
portion  of  the  cliaracteristic  represents  the  resistance  which 
for  the  particular  speed  may  be  termed  the  critical  resistance, 
and  in  this  case  is  about  1  ohm.  Any  less  resistance  will 
cause  the  magnets  to  lose  their  magnetism  at  once.  Any 
greater  resistance  will  at  once  run  the  electromotive-force  up 
above  the  critical  value — in  this  case  about  30  or  31  volts. 
If  the  resistance  of  the  external  circuit  becomes  in  the  least 
degree  altered,  the  electromotive-force  and  current  will  alter 
enormously.     If  the  resistance  be  steadily  increased  (and  the 


0  100  200  300  ^0  500 

Fio.  187.— Chakacteristic  of  a  SmjNT  Dynamo. 

slope  of  the  line  from  O  to  the  curve  be  increased  in  steep- 
ness) the  volts  will  go  on  steadily  augmenting,  and  become  a 
maximum  when  the  external  resistance  is  infinite,  that  is  to 
say  when  the  circuit  is  completely  opened  and  the  shunt  coils 
receive  the  whole  of  the  electromotive-force  of  the  armature^ 
Fig.  137  depicts  the  characteristic  of  a  shunt-wound  Gi*amme 
dynamo  capable  of  giving  400  amperes.  In  this  case  the 
curve  e  represents  the  external  characteristic,  from  which  the 
curve  E  is  calculated  by  adding  to  the  ordinates  portions 
equal  to  r^  Ca.  As  the  conductors  of  the  armature  could  not 
safely  carry  more  than  400  amperes,  the  dotted  portion  of  the 
curve  represents  results  not  actually  observed.  It  is  instruc- 
tive to  contrast  the  characteristic  of  the  shunt  dynamo  with  that 
of  the  series  dynamo  (Fig.  127).     In  the  series  dynamo,  the 
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first  part  of  the  chantcteristic  is  a  sloping  line,  and  the  tangent 
of  the  angle  of  it^  slope  is  also  the  critical  resistance  for  the 
given  speed.     But  the  series  dynamo  will  only  work  if  the 
resistance  of  the  external  circuit  is  le%9  than  the  critical  value, 
and  the  shunt  dynamo  will  only  work  if  the  external  resist- 
ance k  greater  than  the  critical  value.     The  contrast  is  even 
better  shown  by  drawing  a  couple  of  curves  in  the  two  cases 
' —  not  characteristics  —  showing  the  relation  between   the 
potential  at  terminals  and  the  resistances  of  the  external 
circuit.     Fig.  138  shows  this  for  a  series  machine,  and  Fig, 
189  for  a  shunt  machine.    The  electromotive-force  of  the 
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^ne  drops  suddenly  when  the  resistance  exceeds  2  ohms; 
that  of  the  other  rises  suddenly  when  the  resistance  attains 
the  value  of  1  ohm. 

I^  the  shunt  dynamo  the  characteristic  for  a  double  -speed 
cannot  be  obtained  as  in  a  series  dynamo  by  doubling  the 
heights  of  the  ordinates.     For  even  if  at  a  double  speed  we 
^l^t  the  external  resistances  so  that  the  external  current 
^  ^ho  same  as  before,  we  do  not  get  a  double  electromotive- 
force  because  we  do  not  get  the  same  current  as  before  round 
the  shunt-magnet  circuit.     And  if,  on  the  other  hand,  we 
^djnst  resistances  so  that  we  get  the  same  shunt  current  as 
"^^ore,  and  therefore  a  double  electromotive-force,  we  do  not 
get  the  same  external  current  as  l)efore.    If,  however,  we  alter 
the  external  resistance,  taking  a  larger  current  externally, 
BO  as  to  reduce  the  shunt  current  to  its  former  value,  the 
magnetization  wfU  remain  as  before.     In  that  case  the  double 
speed  will  produce  very  nearly  a  double  electromotive-forcei 
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but  the  shunt  potential  may  remain  as  before,  the  external 
current  being  nearly  doubled.  This  is  shown  in  Fig.  140, 
where  e  a  represents  the  external  current  in  the  first  case,  and 
e  A  the  external  cun-ent  in  the   second.     O  A  remains   a 

straight  line,  but  at  this  higher  speed 
the  slope  is  less.  From  this  latter 
circumstance  it  may  be  foreseen  that 
at  higher  speeds  the  resistance  may 
be  reduced  to  a  lower  value  before 
the  critical  state  is  reached  at  which 
the  machine  "  unbuilds  "  itself,  L  e. 
dischai-ges  the  magnetism  from  its 
field-magnets. 

Curve  of  Total    Current  in  Arm- 
ature.— In    the   shunt    dynamo    the 
curi*ent  in  the  armature  is  equal  to 
the  sum  of  the  currents  in  the  external  circuit  and  in  the 
shunt  circuit ;  or 

c„  =  c  +  c.. 

A  curve  showing  the  relation  between  C  and  e  is  easily 
obtained.     In  Fig.  141  let  the  curve  O  m  f  be  the  "  external 
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characteristic  "  at  the  given  speed.     Take  any  point  on  it 
such  as  w  ;  at  that  point  the  potential  between  terminals  is 
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measured  by  the  length  of  a;  tw  or  O  ^,  and  the  current  in 
amperes  is  measured  by  the  length  O  a;  or  6  wi.  Now  draw 
the  line  8  O  at  such  an  angle  %  O  x  that  its  tangent  is  equal  to 
the  resistance  of  the  shunt.  Then  e  s  represents  the  current 
that  will  run  through  the  shunt  when  the  potential  is  O  ^  volts. 
Add  on  to  the  end  of  e  m  a  piece  m  n  equal  to  ^  « ;  then  the 
whole  line  e  n  represents  the  armature  current  C.  when  the 
potential  has  the  value  O  e.  A  set  of  similar  points  may  be 
found  giving  the  new  curve  O  n  i^  required. 

Total  Characteristic  of  Shunt  Dynamo. — If  the  total  electro- 
motive-foi-ce  E  and  the  total  cun-ent  C^  be  plotted  out,  we 
shall  obtain  the  characteristic  of  the  total  electrical  activity 
of  the  dynamo. 

Di-aw,  as  in  the  preceding  casci 
the  curve  for  e  and  Ca.  Let  p  be 
any  point  on  the  curve  where  the 
potential  is  jt?  a;  or  O  e  and  the 
cun-ent  e  p  ov  O  x.  Then  draw  a 
line  O  J  at  such  an  angle  a  O  x 
that  its  tangent  is  equat  to  the 
resistance  of  the  armature.  Call 
the  point  where  this  cuts  p  Xy  a*  51 
Then  a  x  represents  the  number  of 
volts  required  to  drive  the  current 
O  X  through  the  armature  resist- 
ance. Add  a  piece  q  p  equal  to  a  x  to  the  summit  of  the  line 
p  X.  Then  the  height  q  x  represents  tjie  total  electromotive- 
force  E  when  the  current  C^  has  the  value  represented  by  O  x, 

Vharacteristic  of  Shunt  Dynamo^  tvith  Permanent  Mag* 
netwm, — If  there  is  residual  magnetism  in  the  field-magnets, 
there  will  be  an  electromotive-force  induced,  even  before  the 
shunt  circuit  is  closed.  In  this  case  the  characteristic  would 
begin  at  a  point  j!?,  a  short  distance  along  the  horizontal  axis. 
In  fact  the  machine  behaves  as  though  there  were  already  at 
work  some  small  electromotive-force  (not  to  be  plotted),  which 
had  the  effect  of  setting  up  already  a  current  through  the 
machine,  so  that  tlie  machine  excites  itself  up  with  currents 
that  are,  in  the  early  (and  unstable)  stages  of  the  magnetiza- 
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tion,  proportional  to  the  arape re-turns  going  round  the  shunt 
circuit,  fluB  some  imaginary  ampere-turns  causing  the  pei^ 
manent  magnetism.  If  there  is  on  the  field-magnet  a  second 
coil,  by  which  an  independent  magnetization  can  be  introduced, 
the  same  kind  of  result  will  follow :  the  chamcteristic  will 
begin  at  some  point,  such  as  V,  the  electromotive-force  due 
to  the  ampere-turns  in  the  shunt  being  plotted  out  above 
O,  whilst  the  length  O  q  below  represents  the  part  of  the 
electromotive-force  due  to  the  ampere-turns  (real  or  imaginary) 


0      ^^  t^ 

Fig.  144 — Four  Curves  op  a  Shunt  Dynamo. 
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of  the  indei)endent  magnetism ;  and  O  V  represents  the 
current  which  the  machine  will  give  when  short  circuited. 

There  will,  in  fact,  be  four  curves  for  a  shunt  dynamo, 
namely,  those  in  which  the  quantity  plotted  out  are  respec- 
tively e  and  C,  e  and  Ca,  E  and  C,  E  and  Ca.  Of  these,  the 
first  is  the  external  characteristic,  and  the  fourth  the  total 
characteristic. 

These  four  are  depicted  in  Fig.  144,  where  they  are  named 
A,  B,  C  and  D  respectively.  If  D  is  given,  A  can  be  obtained 
in  the  following  way : — Let  the  lines  O  J  and  O  Z  represent 
respectively  by  their  slope  the  resistance  of  the  armature  and 
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ot  the  shunt  circuit.    The  curve  B  is' got  from  D  by  deducting 
/rom  the  ordiuates  lengths  equal  to  the  portions  of  ordinates 
intercepted  by  the  line  O  J ;  and  curve  C  is  got  fi*opa  curve  D 
^y  deducting  from  the  abscissae  lengths  equal  to  the  portion 
ot  tlie  abscissse  intercepted  by  the  line  O  Z.     Then  curve  A 
^  grot  by  taking  ordinates  from  B  and  abscissee  from  C  corre- 
sponding to  any  point  on  D. 

Xt;  may  be  noticed  that  whilst  D  3  represents  the  lost  volta 
^^^  to  inteimal  resistance  of  armature^  C  D  represents  the 
^*^»ti  amperes  which  go  round  the  field-magnets.  The  lower 
^"o  resistance  of  the  armature,  and  the  higher  the  resistance  of 
t«e  shunt,  the  less  will  these  losses  be.  In  fact,  with  a  well- 
*^^ilt  modern  machine  the  four  curves  lie  very  close  together, 

If  the  curve  of  magnetization  of  the  machine  is  known  it  ia 
®^«y  to  determine  the  characteristic  by  a  geometrical  construction. 
^^^^  curve  of  magnetization  0PM  (Fig.  145)  will  show  the  relation 


Fia.  145. 

^tween  W  and  the  ampere-turns  in  the  shunt  coil,  S.  C,  in  our 
Taotation. 

Let  this  curve  be  set  out  to  the  left  of  the  vertical  axis,  then  the 
line  0  R  may  be  divided  out  either  in  a  scale  representing  am- 
P^re-tums  or  in  a  scale  representing  amperes,  S,  divisions  of  the 
former  scale  corresponding  to  one  of  the  latter  scale.  The  vertical 
Bcale  plotted  out  along  O  E  may  in  like  manner  represent  either 
N  or  E;  n  C  X  10"'  being  the  ratio  of  the  readings  of  the  scales. 
^ow  set  out  the  line  O  M,  making  with  O  R  an  angle  such  that 
the  tangent  of  its  8lox)e  corresponds,  in  the  units  chosen,  to  the 
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resistance  of  the  shunt- winding;  for  example,  if  the  shunt-resist* 
ance  be  16,  the  line  will  pass  through  a  point  the  ordinate  of 
which  represents  16  volts  and  the  abscissa  1  ampere.  Let  this 
line  meet  the  curve  of  magnetization  at  M.  If  we  consider  any 
point  P  on  the  curve,  its  ordinate  P  R  will  represent,  according 
as  we  please,  either  the  effective  magnetism  when  the  magnet- 
izing current  is  O  R,  or  the  whole  number  of  volts  E  induced  in 
the  armature;  and  the  part  of  the  ordinate  Q  R  will  represent 
the  difference  of  potential  e.  Clearly  then  P  Q  will  represent 
E  -  e,  that  is  to  say,  the  volts  lost  in  the  armature,  which  are 
equal  to  ?•„  Ca.  Now,  if  on  the  right  of  the  diagram  we  lay  out 
a  line  O  J  at  such  an  angle  that  the  tangent  of  its  slope  repre- 
sents the  armature  resistance  Tq,  then  if  V  be  taken  so  far  along 
the  horizontal  axis  that  V  U  =  P  Q,  the  length  O  V  will  represent 
Co.    The  most  convenient  construction  is  to  project  points  P  and 


Fig.  146. 

Q  across  to  E  and  e,  and  frome  draw  e  T,  parallel  to  O  U,  meeting 
E  T  in  T;  then  drop  a  perpendicular  from  T  giving  the  points  f, 
U  and  V,  where  T  ^  =  U  V.  T  will  be  a  point  on  the  curve  con- 
necting E  and  Ca  ;  ^  a  point  on  the  curve  connecting  e  and  Ca, 
From  the  latter  curve  the  external  characteristic  can  be  got  as 
shown  on  p.  215.  Of  these  hyperbolic  curves  the  lowor  limb 
which  returns  towards  O  represents  the  unstable  portion  corre- 
sponding to  the  lower  part  of  the  magnetic  curve.  From  the  ex- 
istence in  the  curves  of  a  maximum  value  of  Co,  where  the  curve 
turns  round  on  the  extreme  right,  it  must  not  be  inferred  that  the 
machine  can  yield  this  maximum  current;  on  the  contrary,  the 
maximum  current  that  the  machine  can  safely  give  depends  on 
the  section  of  its  armature  wires,  and  these  are — ^in  the  best 
machines — not  intended  to  carry  the  current  under  such  con- 
ditions. The  working  part  of  the  curve  is  usually  the  top  part 
(Fig.  145),  and  it  will  be  obvious  from  the  construction  that  the 
smaller  the  internal  resistance,  the  further  will  the  curve  extend  to 
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the  right  and  the  more  nearly  horizontal  will  the  tope  of  both 
curves  be;  a  good  shunt-dynamo,  with  very  little  internal  resist- 
ance, being  nearly  self -regulating  for  constant  potential. 

If  there  be  no  initial  or  residual  magnetization,  the  curves  will 
both  pass  through  O;  but  neither  of  them  will  do  so  if  there  is 
initial  or  residual  magnetization.  In  that  case  the  curve  of  mag- 
netization will  commence  above  O  at  some  point  such  as  K,  Fig. 
146,  and  the  lower  ends  of  the  two  curves  for  E  and  6  will  end  at 
points  so  far  to  the  right  that  the  width  U  V  =  K  O.  With  fOmost 
every  shunt  dynamo  it  is  found  that  if  descending  values  of  e  are 
taken  (at  any  given  speed)  e  becomes  zero,  whilst  C  has  still  a 
definite  value. 

It  will  also  be  noticed  that  the  limiting  value  of  6  depends  on  the 
^ope  of  M  O,  that  is  to  say,  on  the  resistance  per  turn  of  the 
shunt  coil ;  any  diminution  of  the  resistance  per  turn  wiU  raise  E 
by  forcing  up  to  a  higher  degree  the  magnetization  corresponding 
to  a  given  value  of  e. 

ControBt  of  Series  Dynamo  with  Shunt  Dynamo, — The  dif- 
ference between  series  dynamos  and  shunt  dynamos  in  their 
behavior  when  the  resistance  of  the  current  is  increased  or 
decreased,  has  already  been  touched  upon  in  p.  213.  In 
electric  lighting,  dynamos  are  usually  required  either  (a)  to 
supply  glow-lamps  arranged  in  parallel,  in  which  case  the 
dynamos  must  maintain  a  constant  potential  at  the  mains,  or 
else  (i)  to  supply  arc  lamps  arranged  in  series,  in  which  case 
the  dynamo  is  required  to  yield  a  constant  current.  In  the 
ease  where  the  potential  is  to  be  constant,  the  current  v/ill 
^ary  with  the  number  of  lamps  in  parallel ;  in  the  second 
case,  whei-e  the  current  is  to  be  constant,  the  electromotive- 
force  must  vary  as  the  number  of  lamps  in  series. 

To  understand  the  applicability  of  series  or  shunt  dynamos 
^  either  of  these  tasks,  it  will  be  convenient  to  construct 
(either  from  experiment  or  from  theory)  comparative  curves, 
in  the  case  of  parallel  distribution,  every  additional  lamp 
switched  on  across  the  mains  adds  to  the  conductance  of  the 
circuit  an  amount  equal  to  its  own  conductance  (ix.  equal  to 
the  reciprocal  of  its  own  resistance).     It  is  therefore  expedient 

to  plot  out  together  the  values  of  e  and  of  g-     This  has  beer 
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done  in  Fig.  147  for  two  dynamos,  for  each  of  which  the 
maximum  value  of  e  was  the  same.  It  will  be  seen  that  for 
neither  a  series  nor  for  a  shunt  machine  does  the  value  of  e 
remain  constant  as  the  number  of  lamps  across  the  mains  is 
increased.  The  shunt  machine  gives  the  more  nearly  constant 
potential,  but  falls  off  as  the  number  of  lamps  is  increased. 

In  the  case  of  single-circuit  distribution  to  lamps  in  series, 
every  additional  lamp  adds  to  the  resistance  of  the  circuit,  and 
in  this  case  it  is  expedient  to  plot  out  together  the  values  of  C 
and  R.  Fig.  148  shows  the  result  for  the  two  kinds  of 
machine.  It  will  be  seen  that  neither  machine  gives  anything 
like  a  constant  current ;  but  for  the  shunt  machine  there  is 
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just  one  brief  stage,  namely,  when  its  cunent  is  at  the  max- 
imum, where  the  value  is  more  constant  than  anything  that  the 
series  dynamo  can  give.  The  dotted  part  of  the  curve  cor- 
responds to  the  case  of  a  series  dynamo  so  designed  as  to  have 
a  drooping  characteristic  (like  Fig.  131,  p.  205),  which  gives 
more  nearly  (with  moderately  small  resistances)  a  constant 
current.  But  it  is  abundantl}'  clear  that  something  more 
than  a  simple  series  or  simple  shunt  machine  is  requisite  to 
give  a  real  self-regulating  machine  for  either  purpose. 

Further  ztae  of  characteristics. — The  following  examples 
of  the  further  use  of  characteristics  are  taken  from  Dr.  Hop- 
kinson's  paper  in  the  Proc,  Inst.  Mech.  Engineers  for  April 
1880. 
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^daiUm  of  Charcuiteristic  to  Size  of  Machine, — Suppose  that  a  certain 
dynamo  of  a  given  construction  has  for  its  characteristic  the  curve  O  a 
(Fig.  149).    What  will  be  the  characteristic  of  a  dynamo  built  of  pre- 
cisely the  same  type,  but  with  all  its  linear  dimensions  doubled  ?    The 
surfaces  will  be  four  times  as  great,  the  volume  and  weight  eight  times 
&8  great.    There  will  be  the  same  number  of  turns  of  wire,  but  the  length 
viU  be  doubled  and  the  cross-section  quadrupled,  and  therefore  the 
internal  resistances  will  be  halved.    If  the  resistances  were  adjusted  so 
as  to  give  the  same  current  as  before,  the  new  machine  would  have  only 
half  the  intensity  of  field  of  the  small  one.    But  if  adjusted  to  give  the 
same  intensity  of  field  as  before,  the  current  will  be  doubled. 

Now  the  magnetic  flux  will  be  increased  fourfold,  and  therefore  the 

electromotive-force  will  be  four  times  as  great.    But  we  only  wanted 

^e  current  doubled.    That  is  to  say,  the  resistance  will  have  to  be 

doubled  if  the  field  is  to  be  of  the  same  intensity.   To  represent  this  state 

^f  things,  take  the  point  a  on 

the  characteristic  of  the  small 

'^ifichine,  and  draw  the  ordinate 

^  *»i.    Draw  O  M,  double  O  m, 

'^^i  at  M  erect  an  ordinate  A  M 

roup  times  the  length  of  am, 

^^e    resistance — the   slope   of 

PA-^is  double  that  of   O  a. 

^^®  new  characteristic  will  pass 

trough  A.    The  points  a  and 

A  are  similar  points  with  respect 

~^  the  saturation  of  the  iron  of 

*^e  niagnets;  and  it  is  this  which 

^^tenaaines  the  practical  limits 

V^  tlie  economic  working  of  a 

^y n^mo  of  given  type  at  a  given 

^*^^d.     Hence   we   see,   with 

^^^^^irupled  electromotive-force 

'^^  double  current,  the  output 

^^1  be  eight  times  as  great  as  with  tlio  smaller  machine  when  worked 
^P  to  an  equal  saturation  limit.  These  points  may  be  compared  with 
^^Q  discussion  of  the  relation  of  size  to  efficiency  on  p.  108. 

-Application  of  Characteristics  to  Dynamos  used  in  Charging  Accumu" 
*«tora.— The  following  problem  is  of  great  practical  importance: — 
^^Ppose  a  dynamo  is  used  for  charging  an  accumulator,  dnd  is  driven 
^  a  given  speed,  what  current  will  pass  through  it  f 

t>r.  Hopkinson  has  given  a  solution  of  this  problem  for  the  case  of  a 
^eriea  dynamo.  Draw  the  total  characteristic  of  the  dynamo  (Fig.  160) 
tor  the  given  speed.  Along  O  Y  set  oflf  O  E  to  represent  the  electro- 
motive-foroe  of  the  accumulator,  and  through  E  draw  tlie  line  C  E  A, 
making  an  angle  with  O  X  such  that  its  tangent  represents  the  resistance 
of  the  whole  circuit,  including  the  accumulators.  This  line  will  cut  the 
characteristic  in  the  points  B  and  A ;  and,  if  the  characteristic  be 
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repeated  backwards,  in  C  also.    This  negative  branch  of  the  character- 
istic is  simply  the  characteristic  of  the  dynamo  when  the  current  through 


Fig.  150. 

it  is  reversed,  and  its  electromotive-force  therefore  also  inverted.  Then 
O  L  represents  the  actual  current  in  the  circuit ;  O  M  represents  an  un- 
stable current  which  might  exist  for  a  moment ;  and  O  N  represents  the 

current  which  would  tra- 
verse the  circuit  w^ere  the 
accumulators  to  overpower 
the  dynamo  and  reverse  it, 
as  indeed  frequently  happens 
when  series  dynamos  are  so 
used.  For  it  will  be  observed 
that  if,  as  is  the  case  when 
accumulators  are  reaching 
their  full  charge,  their  elec- 
tromotive-force were  to  rise, 
or  the  resistance  of  the  cir- 
cuit to  increase,  the  inevi- 
table result  would  be  to 
diminish  the  current  O  L,  so 
that  the  magnetism  of  the 
field-magnets  will  also  drop, 
thus  diminishing  the  effec- 
tive electromotive-force  of 
the  dynamo :  and  conse- 
quently the  point  A  will  be 
brought  nearer  to  the  position  of  instability  at  the  bow  of  the  curve. 
With  the  shunt  dynamo  the  case  is  different.  Let  Fig.  151  represent 
the  characteristic  of  the  shunt  dynamo,  the  external  current  being 
plotted  along  O  X.  and  the  total  electromotive-force  along  O  Y     Draw 


Fig.  151. 
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tbe  line  C  E  A  as  before.  Then  it  cuts  the  positive  branch  at  A,  and 
O  L  is  the  current  in  the  main  circuit.  If,  now,  either  the  counter 
electromotive-force  of  the  accumulatois  or  the  resistance  of  the  circuit 
increases,  the  effect  will  be  to  move  the  point  A  to  a  higher  point  on  the 
curve.  The  charging  currrent  O  L  may  diminish,  but  the  shunt  current 
will  increase  or  the  effective  electromotive-force  A  L  will  be  increased. 
Therefore  with  the  shunt  dynamo  there  will  be  no  likelihood  of  the 
accumulators  overpowering  and  reversing  the  dynamo. 

In  the  case  of  a  series  dynamo  driving  an  arc-lamp,  Fig.  150  also  may 
be  applied  to  explain  the  instability  sometimes  observed.  The  arc  acts 
as  though  it  had  a  counter  electromotive-force,  which,  for  steady  arcs  is 
not  less  than  35  volts.    Hence  if  O  E  is  set  off  to  this  value,  the  resistance 

of  the  rest  of  the  circuit  must  be  low  enough  for  the  sloping  line  E  A  to 

«ut  the  curve  above  the  *'knee,"  otherwise  tlie  oondition  becomes 

^Btable. 


Ui 


^  ^ 
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CHAPTER  XI. 


CONSTANT  POTENTIAL  DYNAMOS. 

Conditions  of  Supply. — For  some  purposes — as  for  feeding 
a  system  of  incandescent  lamps  in  parallel — the  current  must 
be  supplied  from  the  mains  at  an  absolutely  constant  potential 
or  pressure  ;  that  is  to  say,  the  difference  of  potentials  between 
the  mains  must  be  constant.  This,  of  course,  implies  that  the 
current  delivered  by  the  machine  shall  vary  exactly  in  a  ratio 
invei-se  to  that  of  the  resistance  of  the  external  circuit  ; 
increasing,  as  the  resistance  is  diminished  by  adding  to  the 
number  of  lamps  across  the  mains  of  the  circuit.  But  we 
have  seen  that,  owing  to  two  causes — (1)  internal  resistance, 
(2)  demagnetizing  reactions  of  armature — the  volte  at  the 
terminals  at  full  load  fall  shoit  of  the  value  tliey  would  have 
(at  the  same  speed  and  magnetization)  at  zero  load.  The  lost 
volts  increase  with  the  load.  Hence,  means  must  be  taken  to 
compensate  for  the  lost  volts  if  the  supply  is  to  be  maintained 
at  a  constant  pressure.  If  a  dynamo  is  to  supply  lamps  at, 
say  100  volts,  the  pressure  must  not  be  allowed  to  fall  to  97 
or  96  volte  when  all  the  lamps  are  at  work. 

For  some  other  purposes,  as  for  supplying  a  set  of  lamps 
connected  in  a  simple  series,  placed  on  one  line,  it  is  necessary 
to  maintain  in  the  line  an  absolutely  constant  current^  no 
matter  how  many  or  how  few  lamps  or  motors  may  be  at 
work.  This,  of  coui-se,  means  that  when  the  resistance  of 
the  main  circuit  is  increased  by  the  switching-in  of  more 
lamps,  the  dynamo  must  put  forth  a  proportionate  increase  of 
electromotive-force. 

The  two  ends  to  be  attained  by  regulation  are  therefore  not 
only  distinct,  but  incompatible  with  one  another ;  a  dynamo 
cannot  possibly  keep  its  electromotive-force  constant,  and  at 
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the  same  time  vary  it  in  proportion  to  tlie  varying  resistance 
of  the  extei-nal  circuit.  The  two  systems  are  adapted  to 
entirely  different  cases  of  electric  distribution.  Their  theory 
is  different ;  and  the  practical  modes  for  carrying  them  out 
are  different  also. 

Constant-current  machines,  as  required  for  arc-lighting, 
and  for  glow-lamps  in  series,  are  described  in  Chapter  XVIII. 
The  present  chapter  will  deal  only  with  machines  for  supply 
at  constant  pressure. 

There  are  various  ways  of  governing  dynamos  so  as  to 
maintain  either  a  constant  potential  or  a  constant  current. 
Some  of  these  methods  involve  hand  regulation ;  others  auto- 
matic switching  in  or  out  of  resistances,  to  vary  the  excitation 
of  the  field-magnets ;  othera,  automatic  adjustment  of  the 
brushes ;  and  others,  electrical  governing  of  the  speed.  The 
chapter  on  Regulators  deals  with  these.  Let  it  be  noted  in 
the  first  place  that  the  voltage  of  a  given  dynamo  depends, 
as  shown  by  the  fundamental  equation  (p.  170),  on  three 
things — the  speed,  the  number  of  armature-windings,  and  the 
magnetic  flux :  hence  it  follows  that  any  one  of  these  might 
be  used  to  control  the  output  of  the  machine.  The  speed 
can  be  changed  by  purely  mechanical  contrivances.  The 
number  of  effective  armature  conductora  can  be  changed  by 
shifting  the  brushes  forward  beyond  the  neutml  point.  The 
magnetic  flux  can  be  varied  by  altering  the  magnetizing 
current  that  excites  the  magnetism,  or  by  changing  the 
disposition  of  the  magnetic  circuit. 

In  cases  of  isolated  plant  it  may  be  convenient  to  apply 
a  governor  to  so  vaiy  the  speed  in  accordance  with  the 
demands  on  the  circuit  as  to  maintain  a  constant  electric 
pressure ;  but  this  is  not  satisfactory  when  the  engine  has 
other  work  than  driving  a  single  dynamo.  Those  methods 
have  been  preferred  which  admit  of  the  maintenance  of  a 
constant  speed  of  driving.  Throughout  this  chapter  this 
condition  will  be  assumed  to  hold  good ;  and  as  a  purely 
magnetic  method  of  regulation  is  but  little  used  we  need  only 
deal  here  with  the  methods  that  depend  on  varying  the 
excitation  of  the  magnets. 
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Hand  Regulator, — In  Edison's  method  of  supplying 
mains  at  a  constant  potential  a  shunt  dynamo  is  employ ed, 
a  variable  resistance,  or  rheostat,  R,  being  introduced  into 
the  shunt-circuit  (Fig.  152).  A  lever  moved  by  hand,  when- 
ever the  potential  rises  or  falls  below  its  proper  value,  makea 
contact  on  a  number  of  studs  connected  with  a  set  of  resist- 
ances,  and  thus  controls  the  degree  of  excitation  of  the  field- 
magnets.  To  make  the  aiTangement  automatic  the  vaiiable 
resistance  should  be  adjusted  by  an  electromagnet  the  coils  of 
which  are  an  independent  shunt  across  the  mains.  The  shunt 
dynamo,  if  well  constructed,  is,  as  shown  on  p.  212,  nearly 


Fio.  162.— Edison's  Method  of  REQULATma. 

constant  in  its  voltage ;  the  pressure  at  tlie  terminals  falls  of^ 
very  little  at  full  load.  With  such  a  d3niamo,  but  a  small 
increase  of  exciting  power  is  needed  to  make  up  for  tlie  lost 
volts  at  full  load.  The  regulating  rheostat  is  equally  appli- 
cable to  a  separately-excited  machine. 

Self-regulating  Machines. — The  theory  of  self-regulation 
is  extremely  simple.  Volts  depend  on  the  flux  ;  hence,  any 
drop  in  the  volts  can  be  compensated  by  increasing  the  flux. 
The  problem  then  is  how  to  make  the  main  current,  which  as 
it  increases  causes  the  volts  to  drop  automatically,  increase 
the  flux.  It  is  clear  that  a  compensating  main-circuit  coil  of 
sufficient  turns  to  produce  the  needed  additional  excitation^ 
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must  be  wound  upon  the  field-magnet.  The  compensating 
coil  must  obviously  be  thick  enough  to  carry  the  main  current, 
and  usually  consists  of  few  turns.  If  the  machine  is  shunt- 
wound  to  begin  with,  and  a  compensating  coil  in  series  with 
the  armature  is  thus  added,  the  combination  is  usually  termed 
a  "compound"  winding.  The  term  ^^ compound  dynamo" 
was  introduced  by  Messrs.  Crompton  and  Kapp  to  signify  a 
dynamo  with  mixed  series  and  shunt-winding,  by  analogy 
with  the  engineers*  term  "  compound  engine "  for  a  steam- 
ej)gine  working  with  both  high-  and  low-pressure  cylinders. 
A  compensating  series-coil  is,  however,  equally  applicable  to 
any  well-designed  dynamo  in  which  the  initial  magnetism 
IS  independently  excited.  The  following  combinations  are 
possible : — 

(i.)  Series  regulating  coils  +  permanent  Odagnets  to  excite  the 
field  initially  with  an  independent  constant  magne- 
tization. 

(it.)  Series  regulating  coils  +  an  independent  current  circu- 
lating in  8epai*ate  coils  round  the  field-magnets,  to 
produce  an  independent  constant  magnetization. 

(m.)  Series  regulating  coils  +  an  independent  current  circu* 
lating  in  the  main  circuit  (and  generated  either  by 
a  battery  or  by  an  independent  magneto-dynamo) 
having  the  effect  of  partly  exciting  the  field-magnets 
with  an  independent  constant  magnetization. 

(£t7.)  Series  regulating  coils  +  shunt-magnet  coils  supplied  by  a 
portion  of  the  current  of  the  machine  itself,  thereby 
partly  exciting  the  field-magnets,  with  an  independ- 
ent and  nearly  coiiLstant  magnetization. 

Ct?.)  Alternate-current  dynamos  may  be  compounded  by  pro- 
viding them  with  regulating  coils  supplied  with  a 
current  derived  (by  a  suitable  transformer)  from  the 
main-circuit  current,  and  proportional  to  it;  the 
derived  currents  being  first  sent  through  a  rectifying 
commutator.  The  independent  magnetization  may 
be  derived  either  from  an  auxiliary  exciter,  or  from 
a  sepcurate  coil  or  group  of  coils  in  the  armature,  or, 
in  fact,  by  another  transformer,  the  primary  of  which 
is  placed  across  the  mains  as  a  shunt;  in  either  of 
the  latter  cases  the  current  being  properly  commuted. 


\ 
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Theoretically,  several  other  self-regulating  combinations  are 
possible;  for  example,  a  machine  with  a  long  armature  lying  be- 
tween two  separate  field-magnets,  one  independently  excited,  the 
other  in  series;  a  series  machine  with  unsaturated  magnets  com- 
bined with  a  (quasi-independent;  series  machine  with  over-satu- 
rated magnets  on  the  same  shaft ;  a  series  machine  having  tjwo 
sets  of  field-magnet  poles  at  different  leads,  one  of  the  sets  of  poles 
being  the  series-excited  set,  the  other  excited  independently,  or 
in  shunt  circuit,  &c. 


Theory  of  Self-Regulation. 


In  considering  the  theory  of  self-regulation  we  shall  pro- 
ceed as  follows : — ^First  find  an  expression  for  the  pressure 
at  the  mains.  This  will,  in  general,  consist  of  three  terms* 
Secondly,  we  shall  consider  these  three  terms  as  to  whether 
their  factors  are  constants  or  variables.  Then,  having  ascer- 
tained which  of  the  terms  contain  variable  factora,  we  must 
consider  what  conditions  must  be  laid  down  (such  as  prescrib- 
ing a  particular  speed  or  a  particular  number  of  windings)  in 
order  that  the  terms  containing  variable  factors  shall  disappear. 
These  conditions  will  be  embodied  in  an  "equation  of  con- 
dition,'* which  will  be  then  discussed.  In  general  it  will  be 
found  that  if  the  speed  is  prescribed  beforehand,  there  will 
be  a  certain  "  critical  '*  number  of  regulating  coils  to  be 
deduced ;  or,  on  the  other  hand,  if  the  number  of  regulating 
coils  is  prescribed  beforehand,  there  will  be  a  particular  or 
"  critical "  speed  at  which  self-regulfition  holds  good. 

It  is  possible  to  treat  the  theory  either  algebmcally  or 
geometrically.     Both  methods  will  be  here  used. 

Ca%e  (i.)  Series  Regulating  Coils  +  Permanent  Magnets 
(compare  p.  55). — If  the  field-magnets  are  partly  permanently 
magnetized,  or  if  there  are  permanent  steel  magnets  in 
addition  to  the  electromagnets,  giving  an  initial  field,  we 
may  denominate  the  initial  flux  as  N  i* 

Now  the  fundamental  equation  of  the  series  dynamo  ia 
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and  the  difference  of  potential  or  pressure  at  the  terminals  is 
found  by  deducting  the  lost  volts  ;  or 

e  =  E  -  (ra  +  r«)  C. 

But  N)  ^^  number  of  magnetic  lines  that  pass  through 
tHe  armature  at  any  instant,  is  made  up  of  two  parts,  the 
I>ei*raanent  independent  part  ^  j,  and  a  part  depending  upon 
t\x^  cuiTent  C,  and  equal  to 


4  TT  S^  C  -f-  10 


I 

V 


/*  A 


"v^rhere  S«  is  the  number  of  turns  in  the  compensating  coil, 
^  the  length  of  the  magnetic  circuit,  A  its  cross  section,  and 
A«.  the  average  value  of  the  permeability  (see  p.  120)  between 
tilie  two  extreme  values  that  it  has  when  C  is  zero  and  when 
^^  is*at  its  maximum.     If  for  brevity  we  write 

4_t/^  J 

"^re  may  then  write  the  variable  part  of  ^  as  9  S|„  C ;  and 
'tlierefoi'e, 

N  =  Ni+3S«C; 

^nd  we  get,  as  the  complete  expression  for  e, 

^  =  n  Z  (Ni  +  3  S^  C)  -  (r,  +  rO  C, 
or 

6  =  w  Z  Ni  +  »  Z  y  S«  C  -  (r«  +  rO  C. 

The  expression  on  the  right-hand  side  of  this  equation 
consists  of  three  terms,  of  which  the  first  contains  the  speed 
and  two  constants  as  factors.  The  last  two  contain  a  variable, 
the  current,  and  one  of  them  also  contains  as  factors  the  speed 
n  and  the  number  of  regulating  coils  Sm.  If  8,^  is  prescribed 
beforehand,  then  the  particular  speed  at  which  the  dynamo 
IB  self-regulating  will  be  clearly  that  speed  at  which  the  ex- 
.  pression  for  e  will  contain  nothing  but  constants.  If  n  is  pre- 
scribed beforehand,  then  we  must  vary  S^  so  as  to  eliminate 
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the  terms  that  contain  the  variable  factor.  Since  the  two 
last  terms  are  of  opposite  sign,  it  is  clear  that  by  varying  S^ 
or  w,  or  both,  the  value  of  /i  Z  y  S„»  may  be  made  numerically 
equal  to  ra  +  r^.  Then  at  the  constant  speed,  which  we  will 
call  Tij,  the  last  two  terms  will  cancel  one  another  out,  or, 

n^  Z  y  S«  C  -  (r,  +  r«)  C  =  0. 

That  is  to  say,  S«  and  n^  must  be  such  that 

Wj  Z  J  S«  =  ra  +  r«^  [XIII.] 

This  is  the  equation  of  condition. 

If  the  condition  laid  down  in  this  equation  is  observed, 
then  the  last  two  tenns  for  e  disappear,  and  we  have  simply, 

6  =  w^  Z  N  ^  =  a  constant 

Having  thas  proved  that,  at  the  given  speed,  ^  is  a  constant, 
it  is  wortl\  while  to  inquire  what  it  is  that  determines  the 
value  of  e.  Clea/ly  e  is  directly  proportional  to  N  ii  the  initial 
flux.  Therefore,  we  can  arrange  that  the  dynamo,  still  driven 
at  the  given  speed,  shall  give  any  pressure  we  please,  within 
limits,  provided  we  alter  N  i  ^^  the  requisite  proportion. 

Suppose  that  the  speed  is  prescribed  by  mechanical  con- 
siderations, then  the  proper  or  critical  number  of  regulating 
coils  is  given  by  the  expression 


S« 


ra+  r„ 


[XIV.] 


n^  Z  q  ' 

This  is  instructive.  The  higher  the  internal  resistance  of  a 
dynamo  the  greater  must  be  the  number  of  the  regulating 
coils  in  series,  if  it  is  to  be  self-regulating. 

Returning  to  the  equation  of  condition,  we  will  write  it 
in  the  second  form— 


ni  Z  J  S«  =  r„  -I- 


m9 


which  for  a  given  number  of  series  coils  gives  us  as  the  value 
of  the  critical  etpeed, 

^  rg  -f  r^       I 
S»  Zq^ 


n. 
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and  this  speed  will  be  higher  the  greater  the  internal  resist- 
ances are. 

Lastly,  we  may  write  the  last  equation  in  the  following 
way, 

.  total  internal  resistance 

^  number  of  turns  of  series  coils       ^  quantity 

depending  only  on  the  armature  windings  and  on  the  mag- 
netic ciit3uit  and  its  working  permeability  within  the  i*ange 
for  which  regulation  is  required. 

So  far  we  have  assumed  that  the  -^nly  cause  of  drop  of 
pressure  that  needed  to  be  compensated  for  was  that  due  to 
internal  resistances.  But  the  drop  of  pressure  due  to  the 
demagnetizing  action  of  the  armature  is  in  modern  machines 
a  consideration  of  even  more  importance.  To  take  account 
of  this  action  we  must  remember  that  if  the  angle  of  lead  X  is 
known,  the  demagnetizing  belt  of  conductor  (see  p.  85)  will 

be  that  comprised  within  an  angle  of  2  A,  namely  Z  Voao* 

And  each  such  conductor  cames  \  C  amperes,  making  the 
demagnetizing  ampere-turns  Z  A  C  -4-  360°.  Or,  if  the 
number  of  armature  conductors  within  the  angle  A  is  called 
D,  the  demagnetizing  ampere-turns  will  be2DxJC^DC. 
As,  however,  these  turns  are  situated  over  the  armature, 
whilst  the  compensating  coils  are  wound  on  the  field-magnet, 
their  number  will  need  to  be  greater  in  proportion  approxi- 
mately to  the  leakage  coeflScient  v  (see  pp.  148  and  346). 
Hence  we  shall  have  to  increase  S,»,  the  series  coils,  from  the" 
value  found  above  to  the  value 

S^  =  ^-^^^^  +  D  v.  [XV.] 

Case  (it.)  Series  Dynamo  +  Separately-excited  Coils  (see  '*  Series 
and  Separate,^^  Fig.  44,  p.  65). — In  this  case  there  is  an  initial 
magnetism  due  to  a  separate  exciting  current. 

If  we  call  the  number  of  magnetic  lines  due  to  the  independent 
excitation  N11  the  same  argument  holds  good  as  in  the  preceding 
ease,  and  the  same  conclusions.  Ni  will  not,  however,  be  really 
a  constant,  for  the  effect  of  the  introduction  of  a  constant  amount 
of  magnetizing  force  will  vary  with  the  degree  of  saturation 
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resulting  from  the  whxA^  magnetizing  force.  If,  however,  the 
average  working  permeability  throughout  the  range  of  regulation 
is  taken  into  ficcount  in  the  calculation  of  N  i  as  well  as  in  that 
of  S,  then  any  falling-off  in  the  effect  of  the  independent  exciting 
current  is  implicitly  provided  for. 

Cfeom^HccU  Demonstration  of  Cases  (i.)  and  (it.). — On  p.  186  it 
was  sh<yWn  how  the  values  of  the  potential  at  terminals  fall  off  in 
magneto  and  separately-excited  dynamos  as  the  current  increases, 
e  always  being  less  than  E  by  an  amount  equal  to  ra  C. 

To  represent  the  facts,  let  O  X  and  O  P  be  taken  as  the  axes 
for  plotting  out  amperes  and  volts,  and  let  O  P  (Fig.  153)  represent 
the  electromotive-force  (E  =  ni  Z  Ni)  due  to  the  permanent  or 
independent  magnetism,  as  measured  when  no  current  is  running 
through  the  armature.  Now,  assuming  that  the  armature  reac- 
tions are  small  enough  to  be  neglected,  E  will  at  constant  speed 

remain  the  same 
*ip  "^^  with  all  currents,  but 
!,'iiXg8S  e  will  drop.  From'O 
set  off  the  line  O  J  at 
an  angle  such  that  its 
tangent  represents 
the  internal  resist- 
ance of  the  machine. 
Now  consider  the 
case  when  the  cur- 
rent C  has  the  par- 
ticular value  corre- 


Fio.  153. 


spending  to  the  length  O  V.  The  height  U  V  will  be  the  drop  in  the 
external  volts;for  UV  =  tan  U  O  VXO  V  =  raC.  Cut  off  from  t 
V  a  i)ortion,  t  Q  =  U  V,  and  Q  V  will  represent  e.  While  the 
curve  for  E  and  C  is  approximately  a  hoi*izontal  line,  the  curve 
for  e  and  C  (the  external  characteristic)  falls,  as  shown  by  the 
dotted  line.  Any  point  on  the  e  curve  can  be  got  from  the  E 
curve  by  simply  deducting  from  the  height  a  piece  equal  to  the 
corresponding  width  across  the  triangle  J  O  X.  Now  it  must  be 
obvious  that  if  when  the  E  curve  is  horizontal  the  e  curve  slopes 
downward,  we  must  use  an  E  curve  that  slopes  upward  by  a  pre- 
cisely equal  amount,  if  we  want  to  get  a  horizontal  e  curve;  that 
is  to  say,  if  we  want  to  get  constant  potential.  How  are  we  to  get 
an  upward  sloping  E  curve  ?  Remember  that  at  a  given  speed,  ni, 
the  value  of  E  is  ni  Z  N  i ,  where  N  i  means  that  the  magnetic 
circuit  has  somehow  (either  permanently  or  by  a  separate  cur- 
rent) been  excited  up  to  such  a  degree  that  N  i  lines  go  through 
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the  armature.    The  same  plotting  that  serves  for  volts  will  serve 
for  values  of  N  hy  choosing  the  appropriate  scale;  or,  O  P  may 
^present  Ni*    Therefore  P  is  a  point  on  a  curve  of  magnetiza- 
tion, which  will  rise  still  higher  if  only  we  put  on  more  ampere- 
^ums  of  excitation.    Therefore  all  that  is  required  to  be  done  is 
to  {>ut  on  the  magnets  a  coil  in  series,  having  such  a  number  of 
tiii-xis  Sm  that  the  ampere-turns  Sm  C  will  have  the  effect  of  raising 
tln^  magnetism  in  the  right  proportion ;  in  fact,  so  that  T  t  shall  be 
^<iual  to  U  V.    We  have  now  got  an  E  curve  which  slopes  up — 
i^ot^  quite  a  straight  line,  to  be  sure,  but  such  that  when  we  sub- 
^r-cft^^t  the  volts  required  to  drive  the  current  through  the  armature 
^■^^^ifitance,  we  get  an  e  curve  that  is  approximately  level. 

<IISomparing  the  algebraic  and  geometric  methods,  we  see  that 
*  "V^  corresponds  to  n^  Z  Ni;  T  f  to  n^  Z  g  S»  C;  and  U  V  to  ra  C, 
^^^**  'Mi  the  resistance  of  the  added  series  coil  is  included  in  the  slope 
^he  line  O  J,  U  V  will  correspond  to  {Va  +  r^)  C. 

^ZlkiM  {Hi),  Series  Dynamo  -f  Independent  Electromotive-force 

^"■^oim  into  the  Main  Ciixuit, — This  really  comprises  two  cases; 

ere  the  independent  constant  electromotive-force  is  due  to  a 

^%:^ry,  and  where  it  is  due  to  a  separate  magneto  machine 

Ten  at  a  constant  speed 


1*- 


Series  and  Magneto,"  see 
55).    The   argument    is 
^same,  however,  for  both 
Fig.  154  will  repre- 
either  case. 
TThe  solution  is  identical 
ith  the  preceding  cases, 
cept  that  there  are  now 
ree  resistances  internal  to 
e  arrangement  to  be  com- 
^\)ensated. 


R 


Fio.  154. 


Ca%e  (fr.)  Serie%  Regulating  Coih  +  Shunt  Exciting 
Coils :  "  Compound  Winding,'' — The  compound-wound  dyna- 
mo may  be  regarded  as  either  a  series  dynamo  to  which  some 
shunt  windings  have  been  added,  so  as  to  provide  an  initial 
magnetization,  or  as  a  shunt  dynamo  to  which  some  series 
windings  have  been  added  to  compensate  for  the  drop  of 
potential  at  the  terminals.  There  are  two  possible  methods 
of  connecting  the  shunt  coils  to  the  dynamo,  and  the  propor- 
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tions  diflfer  slightly  in  the  two  cases.  In  the  "  short-shunt  *' 
method  (see  p.  56)  the  shunt  coils  are  joined  as  a  shunt  to 
the  armature  part  of  the  dynamo  only,  being  connected  across 
from  brush  to  brush.  In  the  ^Mong-shunt"  method  the  shunt 
coils  are  connected  across  the  terminals  of  the  machine,  and 
may,  therefore,  be  regarded  either  as  a  shunt  to  the  external 
circuit,  or  as  a  shunt  to  the  armature  and  series  coils  together. 
In  the  former  arrangement  the  current  through  the  shunt  is 
not  constant,  because  though  e  may  remain  fairly  constant, 
the  potential  at  the  brushes  does  not,  but  increases  when  the 
external  circuit's  resistance  decreases.  In  the  latter  armnge- 
ment  the  current  through  the  shunt  is  constant  if  e  is  constant, 
and  the  case  becomes  one  analogous  to  those  already  discussed. 


W^rJ^ 


Fig.  155. 


Fig.  156. 


of  an  independent  constant  excitation.  The  connections  of 
the  short^hunt  method  are  indicated  in  Fig.  165.  In  a  well- 
designed  dynamo  it  makes  very  little  diflference  whether  the 
shunt  is  connected  across  the  brushes  or  across  the  terminals 
of  the  main  circuit.  The  connections  of  the  long-shunt  ar- 
rangement are  as  shown  in  Fig.  156.  The  calculations  for 
the  two  cases  are  practically  identical,  and  involve  the  same 
kind  of  arguments.  That  for  long-shunt  is  a  little  more 
simple,  and  is  accordingly  given. 
We  have  then 

E  =  n  z  N ; (1) 

e  =  E  -  (ra  +  rm)  C«     .     .     .     (2) 
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ftnd  as  the   magnetism   depends   on   the   total   number  of 
ampere-turns  of  excitation,  we  shall  write, 

N  =  ?  (S.C.  +  S,C,)  ; (3) 

^here  q  has  the  same  signification  as  before  (p.  229),  namely 


10/   "  /jlA' 


^herx 


or  more  strictly  is  the  variable  number  representing,  at  the 

various  stages  of  magnetization,  the  numerical  ratio  between 

flux  and  excitation  for  the  magnetic  circuit  of  the  particular 

dynamo.    For  the   present  purpose  it  is  also  necessary  to 

consider  the  value  which  q  has  when  the  external  current  is 

zero^   i^nd  when  the  only  excitation  is  that  due  to  the  shunt: 

^niis  niav  be  called  jo-     Then  the  initial  flux  on  open  circuit 

No  =  5'o  S.Ca 

from  the  three  equations  we  have 
e  =  nZjS.C.-{-wZyS«Ca-(ra  +  r«)a. 

c        ^^Nv  here  we  have  three  ieiins,  the   first  containing,  as 

,    ^^^x*s,  the  speed  (which  may  be  kept  constant),  and  the 

^^  t;  current  C,  which  will  be  made  constant  if  e  can  be  made 

^^t:ant;  the  second  contains  the  speed  also  as  a  factor  ;  the 

^oi^^  and  third  both  contain  the  variable  current  €„.     The 

^     variable   terms  are   of  opposite   sign.     Now  e  cannot 

^^^i\)ly  be  a  constant,  when  two  of  its  tenns  contain  a  variable 

^^<3tor,  unless  the  coefficients  of  that  viiriable  factor  are 

^^  that  they  make  those  two  terms  cancel  one  another ; 

^^tiiiot  be  constant  unless  either  the  speed  nor  the  windings 

'»»^  Or  both,  are  so  adjusted  as  to  fulfil  this.     But  these  can  be 

^^^led  so  that  it  is  possible  for  the  two  coefficients  to  be 

^^^al,  viz.— 

^is  is  then  one  of  the  two  equations  of  condition  ;  and  the 
critical  number  of  series-turns  at  the  given  speed  will  be 

ft    _  ^«  +  ^m     1 
n        Zq 
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Or,  if  Si»  is  prescribed,  the  critical  speed  will  be 

r«  4-  r^     1 


w  = 


m 


If  this  condition  be  observed,  then  e  will  be  constant  and 
have  the  value 

6  =  w  Z  J  S,  C,. 

But  this  would  leave  e  indeterminate,  since  C«  =  «  -h  r^  But 
we  may  reflect  that  though  this  equation  might  not  give  us 
the  value  of  6,  there  will  nevertheless  be  a  determinate  value 
for  it,  namely,  the  same  value  that  e  would  have  when  there 
is  no  current  taken  from  the  dynamo  at  all,  but  when  it  is 
running  on  open  circuit  only.  Under  these  conditions  the 
value  of  e  will  be 

or,  since  here  q  has  the  value  joi 

e  =  n  Z  Jo  Sa  C^ 


But  «  =3  C,  r„  whence  we  get 


1 


Sa    Z  Jo 

Comparing  this  value  of  n  with  that  obtained  in  the  first 
equation  of  condition,  we  get 


whence,  finally,  as  the  %econd  equation  of  condition, 


As  ^o  is  proportional  to  /<o  the  initial  permeability  when  the 
shunt  only  is  at  work,  and  g  proportional  to  the  avera^  perme- 
ability vi-  for  the  range  of  working  between  zero  current  and 
maximum  current,  it  follows  that  if  there  were  no  cdteration  of 
saturation,  g^  -r  q^  would  equal  1.  In  the  former  editions  of  this 
work,  wherein  the  theory  of  compounding  was  expressly  based 
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upon  the  supposition  that  there  was  no  saturation— or  in  other 
words,  that  the  permeability  was  constant — the  formulee  ob- 
tained were  admittedly  incorrect  for  this  reason.  Dr.  Frolich 
found  for  a  certain  Siemens  compound  dynamo, 

|f.  »  17-7,  whereas  ^ +  ^«  —  61-9.    ' 

From  which  it  is  clear  that  ^o^^ust  have  been  about  8*5  times  as 
great  as  iUi ;  in  other  words,  this  machine  had  an  insufficient 
quantity  of  iron  in  its  magnets  or  armature  core,  or  in  both. 
This  dynamo  must  have  been  both  badly  designed  and  of  low 
efficiency  ;  Thought  to  have  been  not  61-9,  but  at  least  300  times 
as  great  as  ra  +  r,». 

To  compensate  for  the  demagnetizing  action  of  the  armature, 
additional  turns  are  required  in  the  series  coil,  as  explained  above 
on  p.  231.  To  make  the  last  set  of  formulae  complete  S  should  be 
replaced  by  S  -  D  r. 

Over-compounding, — It  will  be  noticed  that,  apart  from 
the  demagnetizing  action  of  the  armature,  the  amount  of 
excitation  to  be  provided  for  by  the  series  coils  is  always 
proportional  to  the  resistances  that  are  in  the  main  circuit 
and  internal  to  the  points  for  which  the  constant  difference  of 
potential  is  desired  ;  this  rendens  it  possible,  in, a  case  where 
the  mains  leading  from  the  dynamo  to  |>he  lamps  are  long,  so 
to  compound  the  dynamo  by  adding  more  coils  in  series  as 
to  give  a  constant  potential,  not  at  its  teiminals,  but  at  the 
distant  point  of  the  circuit  where  the  lamps  are  to  be  used. 
This  is  a  most  valuable  circumstance  in  all  cases  where  the 
lamps  ai-e  far  from  the  dynamo,  as  in  the  lighting  of  mines 
from  machineiy  at  the  surface  ;  for  then  by  over-compounding^ 
one  can  obtain  a  constant  pressure,  not  at  the  terminals  of 
the  dynamo,  but  on  the  mains  at  some  point  in  the  midst  of 
the  lamp-network.  There  is  another  advantage  in  over-com- 
pounding, namely,  that  when  the  full  load  comes  upon  a 
machine,  the  engine,  however  carefully  governed,  generally 
slows  down  a  little,  tending  to  produce  a  further  drop  in  the 
voltage.  As  an  example  of  over-compounding  it  may  be 
mentioned  that  the  6-polestreet-tramway  generator,  described 
on  p.  433,  required  about  4000  ampere-turns  per  pole  on 
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open  circuit,  but  had  a  series- winding  which  allowed  an 
additional  6000  ampere-turns  per  pole  at  full  load. 

ArrangementB  of  Compound  Winding. — Compound  wind- 
ings may  be  an*anged  in  sevei*al  different  ways.  If  wound 
on  the  same  core  the  shunt  coils  are  sometimes  wound  outside 
the  series  coils:  as  frequently  the  series  coils  are  outside 
the  shunt.  It  is  advisable  to  keep  down  the  resistance  of 
the  series  coils,  as  they  will  form  part  of  the  main  circuit ; 
whilst  the  additional  resistance  necessitated  by  winding  the 
wire  in  coils  of  larger  diameter  is  not  altogether  a  disadvantage 
in  a  shunt  coil.  In  the  foimer  editions  of  this  work  the 
recommendation  was  made  to  wind  the  series  coils  nearer  the 
pole  than  the  shunt  coils.  If  the  magnetic  circuit  through 
the  ironwork  be  good,  the  position  of  the  coils  makes  little 
difference. 

Practical  Proce%%  for  Compounding. — It  is  clear  from  the 
foregoing  paragraphs  that  the  compound  machine,  when  run 
on  open  circuit,  with  only  the  shuntKJurrent  flowing,  must 
give  the  same  potentials  at  its  terminals  as  it  is  to  give  as 
a  compound  machine.  Hence  this  leads  to  the  following 
practical  process  for  compounding.  Let  the  armature  of  the 
machine  be  run  at  the  proper  speed  dictated  by  mechanical 
considerations,  and  let  a  voltmeter  be  applied  at  the  terminals. 
Two  experiments  are  then  necessary.  First,  by  means  of 
temporary  coils,  having  a  known  number  of  turns  wound  on 
the  field-magnets,  and  furnished  with  measured  currents  fi-om 
some  accumulator  or  another  dynamo,  ascertain  the  number 
of  ampere-turns  that  will  suffice  to  excite  up  the  magnets  to 
this  point.  From  this  S,  can  be  determined ;  for  C,  is  known 
beforehand,  say  2  per  cent,  of  the  whole  current  at  full  load. 
Secondly,  put  into  the  main  circuit  some  resistance  to  repre- 
sent the  maximum  load  of  lamps,  and  while  the  machine  is 
running  at  its  proper  spee^,  ascertain,  using  still  the  tem- 
porary coil  and  accumulators,  how  many  ampere-turns  of 
excitation  are  needed  in  total  when  the  machine  is  doing  full 
work.  Subtract  from  this  the  value  of  C,  S,  obtained  in  the 
first  experiment,  and  the  remainder  gives  the  number  of 
ampere-turns  which  the  series  coil  must  furnish ;  and  as  the 
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iQaximum  curi-ent  is  known,  Sm  can  at  once  be  calculated. 

The  same  process  suits  for  over-compounding,  the  excitation 

at  full  load  being  raised  until  the  volts  at  terminals  rise  to 

tie  higher  number  of  volts  that  will  allow  for  the  drop  in 

tie  leads. 

I>esign  of  Constant  Potential  Machines. — It  is  obviously  of 

importance  in  such  machines  that  the  iron  parts  should  be 

so  desfg^ned  that  (1)  the  characteristic  should  be  as  neai'ly 

straig-lit  as  possible  in  that  portion  of  it  corresponding  to  the 

forking  mnge  of  currents  for  which  regulation  is  desired; 

C^)  tlia.t  it  should  not  turn  down.     Consequently,  it  is  of 

Importance   in  such  machines  that  there  should  be  just  so 

ffluch   iron  in  the  magnetic  circuit  that  the  curient  due  to  the 

shunt  sliould  carry  the  initial  magnetization  over  the  knee  of 

tile  cixi-ve  of  magnetization  ;  and  that  the  reactions  due  to  the 

armatiare   currents  should  be  small.     Also,  of  coui"se,   the 

resist5i,nce  of  the  armature  should  be  kept  as  small  as  possible. 


^^crr-crcferwfic  of  Compound  Dynamo, — In  the  original  theory 

constant  potential  machines  devised  by  Marcel  Deprez,  the  ar- 

gi^nx^x^^  was  based  upon  the  absence  of  saturation,  and  the  pres- 

^ce   o^  ^^  initial  independent  magnet- 

•^tioT^^     The  following  was  the  argu- 

®*^t  c>  ^  Deprez.     If  there  is  a  permanent 

^^^^Txient  of  magnetism  quite    inde- 

!}    ^*^t  of  that  due  to  the  main-circuit 

-,.  ®  ^^^    the  dynamo,  the  characteristic 

^  ^S-  X  S7)  will  not  start  from  O,  but  from 

^     X>oint  above  it  depending  on  the 

^^^t;  of  independent  magnetization 

.      Om  the  speed.     Let  the  starting- 

^^^    be  P.     O  P  is  the  electromotive- 

^^  between  terminals  when  the  main 

^^^t;  is  open,  but  there  is  no  external 

J^^^txt  until  the  circuit  is  closed,  and 

^^  the  characteristic  rises  in  the  usual 

*^Won  from  P  to  Q.     Draw  O  J  at  the  proper  slope  to  represent 

vuft  Resistance  of  the  armature  and  series  coils  together.     Now 

conaici^r  a  line  O  E  drawn  at  such  an  angle  that  the  tangent  of 

ite  slope  represents  the  total  resistance  of  the  circuit  at  any  parti« 
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cular  moment.  Tlien  E  a:  is  the  total  electromotive-force  at  thaf- 
moment,  and  a  part  of  this,  equal  to  a  a?,  will  be  employed  in 
driving  the  current  O  x  through  the  resistance  of  armature  and 
series  coils.  The  remaining  part  E  a  represents  the  difference 
of  potentials  between  the  terminals  of  the  external  circuit.  So 
the  problem  resolves  itself  into  this  :  how  to  arrange  matters  so 
that  E  a  shall  always  be  of  the  same  length  as  O  P,  no  matter 
how  much  or  how  little  the  line  O  E  may  slope.  Clearly  the  only 
way  to  do  this  is  so  to  atrrange  the  speed  of  the  dynamo  that  the 
part  from  P  to  Q  shall  be  parallel  to  O  J.  If  the  speed  is  reduced 
exactly  to  the  right  amount  the  inclination  of  the  characteristic 
will  be  equal  to  that  of  the  line  O  J.  Then,  as  shown  in  Fig.  158, 
the  potential  between  the  terminals  will  be  constant.  It  will  be 
seen  that  this  agrees  with  the  deductions  arrived  at  in  the  alge- 
braic treatment  of  the  question :  namely,  that  the  d^itical  speed  is 

proportional  to  the  internal  resist- 
ance; and  that  the  constant  differ- 
ence of  ^notential  Ea  is  equal  to  that 
due  to  thb  independent  magnetiza- 
tion O  P  at  the  critical  speed. 

It  should  also  be  noticed  that  if 
the  part  of  the  characteristic  be  not 
straight,  that  is  to  say,  if  the  fi^ld- 
magnet  cores  are  becoming  satu- 
rated, the  regulation  cannot  be  per- 
fect. If  the  line  P  Q  be  curved,  then 
the  potential  for  large  currents  will 
not  be  equal  to  that  for  small  cur- 
rents. If,  in  the  practical  process  for  winding  the  magnets,  the 
coils  have  been  wound  so  as  to  make  e  the  requisite  number  of 
volts,  both  on  open  circuit  (i.  e.  at  OP),  and  at  another  point 
(say  at  Q  J),  when  the  dynamo  is  feeding  its  maximum  load,  then 
there  will  in  general  be  a  slightly  greater  potential  for  interme- 
diate loads,  owing  to  the  slight  convexity  of  the  curve  between 
P  and  Q. 

The  above  argument  holds  good  whether  the  independent  ex- 
citation be  due  to  permanent  magnetism  or  to  a  combination  with 
separately -exciting  coils  (see  pp.  55  and  231),  or  to  shunt-exciting 
coils.  In  the  latter  case  O  P  represents  the  potential  at  terminals 
due  to  shunt  circuit  alone., 

The  case  of  the  *'  compound  "  dynamo  is  worth  looking  at  from 
another  point  of  view  also.  On  p.  213  two  curves — not  charac- 
teristics— are  given,  showing  the  relation  of  electromotive-force  to 
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external  resistance  in  a  series  machine  and  in  a  shunt  machine. 

One  begins  at  a  certain  height  and  falls  when  the  resistance  has 

attained  a  certain  value;  the  other  begins  low  and  rises  when  the 

resistance  has  attained  a  certain  value.     It  is  conceivable  that  if 

a  dynamo  were  wound  with  both  shunt  and  series  coils,  so  that 

each  worked  up  to  the  same 

potential   and    that    they    no 

w-ere  so  proportioned  that 

the    number  of   ohms  at  b 

O  JO 

''vhieb  one  fell  should  be* 

t^lie  same  as  that  at  which 

^bie  other  rose,   then   the 

<2onipound  machine  should^ 

indicated  in  Fig.  159, 

as   a  result    of   the 

<louble- winding,  a  constant 

XX>tential. 

External  Chamcteristics 
Self -regulating    Dyna- 


Fig.  159. 


'^^xo^. — Simultaneous  observations  of  the  external  current  C  and 
'ti^lie  external  potential  e  enable  us  to  plot  the  external  character- 
istic; which  in  a  perfectly  self- regulating  dynamo  would  be  a 
Ixorizontal  line.  If  the  number  of  regulating  coils  in  series  is  too 
i^^nall,  the  characteristic  will  fall  as  the  current  rises:  if  too  large, 
"^vill  droop  slightly  at  the  end  near  the  origin.  This  latter  case, 
l^owever,  is  not  always  a  disadvantage,  for  with  machines  worked 
Jungly  on  an  engina  trie  speed  often  rises  in  consequence  of  im- 
"t^erfect  TOveming  when  the  load  on  the  dynamo  is  small. 

EssarCs  Observatwiis. — Mr.  W.  B.  Esson  bas  examined  why  it 
Xs  that  compound  dynamos  wound  so  as  to  be  sell-regulating  for 
^  given  speed,  regulat-e  fairly  well  at  any  speed  within  consider- 
«^bly  wide  limits.  The  explanation  he  gives  depends  upon  the 
saturation  effect  in  the  iron.  If  the  magnetism  were  strictly 
proportional  to  the  ampere-turns  of  excitation,  there  would  be 

literally  a  critical  speed.  The  approximate  rule  q-  =  °       "*  gives 

the  number  of  series  coils  much  too  low,  for  when  the  shunt  coil 
bas  already  excited  a  certain  degree  of  magnetization,  the  series 
coil  cannot  produce  a  proportionate  increase  owing  to  the  lesser 
permeability.  In  a  series  machine  (designed  to  give  a  current  of 
20  amperes),  the  electromotive-force  added  to  the  machine  by 
increasing  the  exciting  current  from  5  to  10  amperes  is  much 
greater  than  the  electromotive-force  added  by  increasing  the  cur- 
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rent  from  10  to  15  amperes.  Again,  a  100- volt  machine  (self- 
regulating),  in  which  therefore  the  shunt  gave  excitement  enough 
for  100  volts  on  open  circuit,  had  series  coils  upon  it  which  were 
able,  when  the  shunt  was  removed  and  the  full  current  on,  to 
give  60  volts  between  terminals.  The  value  of  the  series  coils  to 
excite  magnetism  is  diminished  as  the  excitation  due  to  the  shunt 
is  increased.  All  this  is,  of  course,  due  to  the  diminution  in 
permeability  of  the  iron  of  the  machine  as  the  degree  of  saturation 
increases.  From  this  it  follows  that  a  certain  relation  must  sub- 
sist between  the  speed  of  the  maehine  and  the  degree  to  which 
the  magnets  are  excited  by  the  shunt  coil.  But  the  magnetism 
furnished  by  the  shunt  coil  also  depends  on  the  speed,  and  in- 
creases with  it.  If,  therefore,  at  one  speed  this  relation  is  such 
as  to  produce  self-regulation,  the  relation  will  be  almost  equally 
true  at  other  speeds. 


Engineers  desiring  further  information  on  compound  winding  of 
dynamos,  are  referred  to  a  series  of  articles  in  the  Electrician,  in  1888» 
by  Mr.  Gisbert  Kapp ;  also  to'  two  articles  by  Mr.  Esson  in  the  Electri- 
cian of  June  1885.  Articles  by  M.  Hospitalier  in  V6lectricien,  and  by 
Herr  Uppenbom  in  the  Centralblatt  fur  Elektrotechnikf  should  also  be 
consulted  ;  and  the  student  should  above  all  read  the  series  of  papers 
published  by  Dr.  Frolich  in  the  Elketrotechnische  Zeitschrift  for  1885, 
and  a  still  more  remarkable  paper  by  Professor  RQcker  in  the  Philoso- 
phical Magazine  of  June  1885.  Some  account  of  these  was  given  in  the 
Appendices  of  the  third  edition  of  this  book.  The  latest  contributions 
to  this  question  are  by  C.  Zickler,  Centralblatt  fur  Elektrotechniky  ix, 
264,  1887.  and  M.  Baumgardt,  ih.  x.  281, 1888 ;  and  by  Dr.  Louis  BeU,  in 
the  Electrical  World,  xvi.  883,  1891. 
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CHAPTER  Xn. 

ON  WINDING  OF  AKMATURE   (CONTINUOUS  CURRENT), 

This  chapter  is  devoted  to  the  theory  of  the  ways  of  joining 
up  and  combining  the  conductors  on  the  armatures  of  dynamos. 
Workshop  details  concerning  materials  and  modes  of  con-* 
sti'uction  are  considered  in  Chapter  XIII. 

It  has  been  pointed  out,  on  p.  39,  that  continuous-current 
dynamos  are  usually  provided  with  closed-coil  armatures,  that 
is  to  say  armatures  on  which,  whether  wound  according  to 
the  ring,  drum,  or  disk  type,  the  winding  is  re-enti*ant  on  it- 
self, the  current  dividing  between  at  least  two  patlis  and  re- 
uniting as  it  leaves  the  armature.  For  machines  with  two 
poles  there  are  but  two  such  paths,  the  current  dividijig  once 
only.  But  for  multipolar  machines  there  may  be  either  two, 
or  more  than  two,  such  paths  ;  with  one,  or  more  than  one, 
bifurcation  of  the  current.  The  electromotive-force  of  the 
machine  will  obviously  depend  on  the  mode  of  connection  of 
the  conductors  as  to  how  many  active  conductora  are  con- 
nected in  series.  Hence  the  necessity  of  understanding  the 
theory  of  armature  winding. 

To  connect  uprightly  the  conductors  on  an  armature  so 
as  to  produce  the  desired  result  is  a  simple  matter  in  the  case 
of  ring-winding,  for  continuous-current  machines,  whether  of 
bipolar  or  multipolar  type.  It  is  a  much  less  easy  matter  in 
the  case  of  drum-windings,  especially,  for  multipolarmachines. 
Often  there  are  several  alternative  ways  of  arriving  at  the 
same  result ;  and  the  fact  that  methods  which  are  electrically 
equivalent  may  be  geometrically  and  mechanically  different 
makes  it  desirable  to  have  a  systematic  method  of  treating 
the  subject. 

In  Chapter  III.,  pp.  36  to  44,  we  have  already  considered 
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the  elementaiy  structure  of  ring,  drum  and  disk  armatures. 
Those  elements  w'^ould  suffice  for  the  consideration  of  small 
armatures  coiled  with  only  a  few  turns  of  wire.  But  when  we 
proceed  to  the  design  of  large  machines,  or  of  machines  which 
are  to  be  wound  so  as  to  give  potenials  as  high  as  400  or 
more  volts,  further  information  is  needed.  For  example, 
suppose  we  have  designed  a  4-pole  machine  having  a  bar- 
armature  with  100  bars  spaced  around  its  periphery,  all  in  one 
layer,  numbered  consecutively  from  1  to  100,  and  we  desire 
to-complete  the  end-connections  ;  we  must  be  able  to  instruct 
the  workman  as  to  the  order  in  which  they  are  to  be  connected. 
Is  he  to  connect  the  front  ^  end  of  bar  No  1  right  across  to 
bar  No.  60,  or  No.  49  ?  Or  is  he  to  connect  it  across  a  quarter 
of  the  periphery,  and,  if  so,  is  it  to  join  No.  25  or  No.  24,  or 
to  No.  76  or  No.  76  ?  To  which  return-bar  is  he  to  connect 
the  back  end  of  the  bar?  And  which  bars  are  to  be  connected 
down  to  the  commutator  ? 

The  object  of  the  present  chapter  is  to  give  information 
on  these  points.  Brevity  is  essential ;  and  much  more  might 
have  been  written.  Those  who  wish  to  go  further  should  con- 
sult the  writings  of  Hering,2Arnoux,*Fritsche,*  Weymouth,* 
Arnold,®  Parshall  and  Hobart,^  as  well  as  sundry  specifications 
to  which  reference  will  be  made. 

As  remarked  above,  there  is  genemlly  little  trouble  in 
understanding  a  ring  winding,  provided  the  distinction  between 
a  right-handed  and  a  left-handed  winding  is  com^vehended. 

Fig.  160  shows  one  section  of  a  ring,  the  direction  of  the 
currents  being  indicated  in  the  same  way  as  on  p.  72,  Figs.  60 
to  62.  As  we  pass  right-handed  around  the  circle  from  a  to 
h  we  follow  a  right-handed  spiral  path,  the  current  climbing 

^ ''  Front "  end  means  the  end  where  the  commutator  is  ;  armatures 
being  always  most  conveniently  regarded  from  this  end. 
^  Herring  :  Principles  of  Dynamo-Electric  Machines,  New  York,  1891, 
»  Amoux  :  VElectricien,  xii.  737,  774,  837,  1888. 

*  Fritfiche  :  Die  Oleichstrom-Dynamomaschine,  Berlin,  1889. 

*  Weymouth :  Drum  Armatures  and  Commutators,  London,  1898. 

*  Arnold  :  Die  Ankerunckelung  der  Dynamomaschinen,  Berlin,  1891. 

7  Parshall  and  Uobart :  Armature  Windings  of  Electric  Machines, 
New  York,  1895. 


Oh    lVui<iin£  of  Armatures.  245 

{^^  explained  on  p.  60)  to  tlie  positive  brush  at  the  top.     (A 

/e/t-lianded   coiling,   such  as  Fig.  81,  p.  88,  would  give  the 

/>ositive  brush  at  the  bottom,  unless  either  the  rotation  or  tlie 

poJa.rity  of  the  dynamo  were  reversed.)     To  say  whether  a 

"ru  m  armature  is  right-handedly  or  left-handedly  wound  we 

"'Ust;  first  settle  upon  theparticularendof  it  from  the  point  of 

'■lew-  of  which  our  statement  is  to  be  appiicable;  for  instance 

^"o    commutator  end  is  conveniently  twken  as  the  one  at  which 

*"*    **re  supposed  to  be  looking.     And  we  must  also  fix  upon  a 

*^®*~*^*iin  sense  of  rotation  (nay  clockwise)  in  which  we  intend  to 

^**^^  the  order  of  the  commutator  bars.    These  two  matters 


bei. 


k  g  fixed  arbitrarily,  then  a  right-handed  winding  may  be 


FIQ.I6O— RlOnr-BAlOtED 


^^ fined  as  follows.   That  windingia  right-handed  which  in  lead- 

***g  from  one  bar  to  the  next  (in  the  order  fixed  as  above)  forms 

^   right-handed  screw.     Now  consider  Fig.  161,  which  depicts 

^^il©  element  or  section  of  a  drum-winding  having  40  external 

^onductore.     Starting  from   a   to  climb  to  J,  and  noting  the 

direction  of  the  currents  in  the  conductors,  it  is  obvious  that  a 

most  be  connected  by  a  spiral  connector  acress  the  front  end 

of  the  di'um   to   one  of  the  descending  conductors  such  as 

Ko.  20,  from  which  at  the  back  end  another  connector  must 

join  it  to  one  of  the  ascending  conductors,  such  as  No.  S,  where 

it  is   led  to  £,   thus  making  one  right-handed  turn.     Now 

examine  Fig.  173.  p.  259,  and  Fig.  178,  p.  263.     They  are  both 
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left-handed,  the  latter  having  eight  turns  of  wire  in  one  section. 
Note  in  passing  that  if  the  hack  connector  in  Fig.  161  from 
No.  20  to  No.  8  had  passed  under  the  shaft,  instead  of  over  it, 
the  winding  would  still  have  been  a  right-handed  winding. 

The  next  point  is  to  ascertain  over  how  many  conductors 
these  spiral  connectors  ought  to  pass.  We  connected  No.  1 
{vid  the  bar  a)  to  No.  20,  and  then  back  to  No.  3.  Is  there 
any  reason  why  No.  20  should  have  been  chosen  and  not 
No.  21,  or  No.  19,  or  No.  18,  To  understand  this  we  must 
consider  the  question  of  commutation  in  the  conductors  as  a 
whole,  and  also  remember  that  there  are  two  paths  through 
the  windings  from  brush  to  brush.  This  is  a  drum  with 
40  conductors  in  one  layer :  and  there  will  be  20  bars  in  the 
commutator.  Remember  that  the  induced  electromotive- 
forces  will  be  directed  from  back  to  front  in  the  conductors 
rising  on  the  left,  and  from  front  to  back  in  those  descending 
on  the  right.  It  is  natural  to  think  that  each  conductor  ought 
to  be  joined  to  the  one  that  lies  diametrically  opposite  to  it. 
In  that  case  No.  1  should  be  joined  to  No.  21,  No.  2  to  No.  22, 
and  so  forth.  But  this  will  not  do.  Each  conductor  on  one 
side  needs  a  return  conductor  on  the  other  side.  The  even 
numbers  may  be  looked  upon  as  the  returns  for  the  odd 
numbers.  Hence  No.  1  ought  not  to  be  joined  to  No.  21. 
Shall  it  be  joined  to  No.  20  or  to  No.  22  ?  or  shall  we  join  it 
to  No.  18  ?  Nos.  20  and  22  lie  on  either  side  of  the  one  that 
is  diametrically  opposite,  and  electrically  it  makes  no  difiference 
which  we  select  of  these  two.  If  we  are  going  to  use  a  back 
connector  which  returns  over  the  shaft  (as  in  Fig.  161),  there  is 
a  slight  saving  of  copper  if  we  select  No.  20.  If  the  back 
connector  returns  under  the  shaft,  either  may  be  taken.  More 
copper  will  be  saved  if  we  select  No.  18  and  return  over  the 
shaft,  as  the  spiral  connectors  will  be  shorter.  But  if  we  thus 
connect  across  a  short  chord  of  the  circumference,  instead  of 
taking  the  chord  nearest  to  the  diameter,  we  risk  getting 
counter  electromotive-forces  in  the  turns  that  are  in  series 
from  brush  to  brush.  On  the  other  hand,  as  Swinburne  has 
shown,  connecting  across  a  short  chord  has  the  advantage 
that  the  armature  has  a  smaller  demagnetizing  action.     The 
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effect  of  winding  across  a  chord  subtending  the  span  of  the 
pole-piece  is  shown  by  Fig.  162,  in  which  it  will  be  seen  the 
helt  of  demagnetizing  conductors  between  the  pole  tips  is  now 
replaced  by  a  belt,  in  which 
tiiG   currents  flow  in  two  op- 
posing directions,  thus  neu* 
tr».lizing  one  another.    In  no 
ease  should  the  choi*d  subtend 
a     less   angle    than  that  sub- 
tended by  the  polar  face.  The 
rul^    then  for  connecting  is  as 
follows   for  a  simple  2-pole 
drxxTxi  armature.    The  number 
of  C5  conductors  Z  being  an  even 
iiixm.l)er,  the  front  connector 
inxis^±^   cross    from    any   con- 
duo  tor  to  that  which  is  i  Z  4^  1  further  on  (or  i  Z  +  3  f or 
sHoi-^ning  the  choixi)  ;   and  the  back  connector  must  lead 
baolc  to  the  next  conductor  but  one.    In  the  following  winding- 
^1>1«  the  letters  F  and  B  stand  for  front  and  hack^  and  the 


Fig.  162.— Effbct  of 
Chord-Winding. 


Winding-Table.    2-pole  Drum.    40.  Conductors. 


r 


B 


B 


B 


B 


D 

U 

D 

U 

D 

U 

D 

U 

1 

22 

8 

24 

5 

26 

7 

28 

9 

80 

It 

32 

13 

84 

15 

86 

17 

88 

19 

40 

21 

2 

28 

4 

25 

6 

27 

8 

29 

10 

81 

12 

d3 

14 

35 

16 

37 

18 

39 

20 

t  ^^^J^  U  and  D  stand  for  up  and  down^  meaning  toward  the 
.^t  end,  and  from  the  front  end  respectively.  From  this  it 
^  ^  \)e  seen  that  starting  with  conductor  No.  1,  we  follow 
/^^^**'  it  to  the  back,  there  connect  it  to  No.  22,  then  come  up 
•  ^^  fronts  then  come  (connecting  to  a  bar  of  the  commutator 
t^c^ssing  )  to  No.  3,  go  down  this,  and  connect  across  the 
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back  to  No.  24,  and  so  on.  The  overlap  is  in  this  case  +  21 
at  the  back  end,  and  —  19  at  the  front  end.  At  last  we  come 
to  No.  20,  up  which  we  return  to  the  front  and  connect  to 
No.  1,  taking  the  hist  bar  of  the  commutator  on  the  way. 

Simple  as  the  matter  may  seem,  the  problem  how  to  con- 
nect across  the  end  of  the  drum  from  one  conductor  to  that 
wliich  is  next  but  one,  or  next  but  three,  to  the  diametrically 
opposite  conductor,  is  not  altogether  easy  when  the  mechani- 
cal and  electrical  difficulties  are  taken  into  account.  To 
shorten  the  length  of  the  long  spiral  connectoi's,  and  make 
the  end-connections  more  symmetrical,  the  arrangement  indi* 
cated  in  Fig.  163  is  now  often  used.     The  spimls  are  thus 


I^o.  Id8.— Drum-Windino  with  Two 
Sets  of  Sfuull  Connectors. 


Fia.  164.— Two-layer  Drum- 
Winding. 


arranged  in  two  layei-s  one  over  the  other,  as  in  Figs.  231  and 
Plate  IV.,  with  the  effect  that  the  commutator  has  virtually 
been  turned  through  about  a  quadrant,  so  that  the  +  brush 
will  be  on  the  left  instead  of  at  the  top.  Tt  hsis  the  advan- 
tage that  all  the  spiral  connectors  at  either  end  may  be  made 
of  the  same  size. 

If,  however,  the  conductors  are  arranged  in  two  layers 
one  over  the  other,  the  windings  may  be  made  across  a 
diameter,  the  last  turn  being  brought  across  to  the  next 
in  the  same  layer.  The  conductors  of  the  outer  layer  then 
answer  instead  of  the  intermediate  members  of  the  one- 
layer  set.     In  Fig.  164  the   end   of  No.  1  is  brought  to  a 
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ihence  it  spirals  round  to  No>  21,  which  is  connected  across 
^  back  to  No.  8,  and  bo  on.     Pig.  105  shows  how  the  80 


SI0,  les.— Dbum-Wdhiino  op  EDisoN-BoFKn>so»  Htsuio. 

,      ^-Victors  of  the  wire-wround  Edison-HopkinsoQ  (umaturs 
t  ^    p.  853)  are  connected,  there  being  in  reality  two  layers 
O  each,  and  a  40-part  commutator. 

Developed  Winding  Diagrams. 

*-'here  is  a  great  advantage  in  adopting  a  mode  ot  repre- 
^^tation  (origiualty  suggested  by  Fritsche  of  Berlin)  in 
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Fia.  166.— Sketch  of 
4-POLE  Field. 


which  the  annature  winding  is  considered  as  thougli  the 
entire  stioicture  had  been  developed  out  on  a  flat  surface. 

Consider  first  Fig.  166,  which  is  a  partial  sketch  of  a  four- 
pole  machine  laid  on  its  side.  The  core,  which  may  l)e  here- 
"  fter  wound  either  as  ring  or  as  drum,  lies  between  the  four 

poles  of  alternate  polarity.  If  a 
copper  rod  a  is  placed  parallel  to 
the  axis  to  represent  one  of  the 
armature  conductora,  and  is  sup- 
posed to  move  along  the  gap-gpace 
rightrhandedly  past  the  S  pole,  it 
will  cut  the  magnetic  lines  entering 
that  pole.  By  the  rule  given  on 
p.  22,  the  induced  electromotive- 
force  in  it  will  l)e  upwards.  An- 
other conductor  c  passing  the  N 
pole  will  liave  induced  in  it  a  downward  electromotive-force. 
If  one  were  to  attempt  in  a  picture  such  as  this  to  sliow 
twenty  or  more  conductors  and  their  respective  connections, 
the  drawing  would  be  unintelligible.  Accordingly  we  have 
to  imagine  oui-selves  placed  at  the  centre,  and  the  panorama 
of  the  four  poles  around  us  to  be  then  laid  out  flat,  as  in  Fig. 
167.  It  will  be  noticed  that  the  faces  of  the  N  and  S  poles 
are  shaded  obliquely  for  distinction.^ 

Now  in  an  actual  machine  there  are  many  armature  con- 
ductors spaced  symmetrically  around,  and  these  have  to  be 
grouped  together  by  connecting  wires.  In  the  case  of  ring 
windings  the  wires  which  connect  the  active  conductors  in  the 
gap-space  pass  through  the  central  aperture  in  the  ring  when 
they  are  removed  from  the  magnetic  field.  Suppose,  for 
simplicity,  we  have  a  ring  armature  of  only  12  turns,  and 
12  bai-s  to  the  commutator.     If  this  is  opened  out  from  the 

'  I  choose  these  oblique  lines  for  the  following  reason.  If  instead  of  (he 
line  a  b  (representing  a  conductor),  a  narrow  slit  in  a  piece  of  paper  wew 
laid  over  the  drawing  of  the  pole-face,  and  moved  as  the  dotted  arro%vs  show 
towards  the  right,  the  slit  in  passing  over  the  oblique  lines  wiU  cause  an 
apparent  motion  in  the  direction  in  which  the  current  tends  in  reality  to 
flow.  It  is  easy  to  remember  which  way  the  oblique  lines  must  slope;  for 
those  on  a  N  pole-face  slope  parallel  to  the  oblique  bar  of  the  letter  N. 


/ 
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tnside  we  shall  have  the  form  shown  in  Fig.  168  where  the 
dotted  lines  are  the  inactive  parts  of  the  epiml  winding  tliat 
pass  through  the  inside  of  the  ring.     By  ti-ncing  the  arrows  it 


no.  16T.^4-POLB  Field  developed  Flat. 

*  ill  be  seen  that  there  must  be  two  positive  and  two  negative 
"'"«-i«be8.  Fig.  1C9  gives  an  end-view  diagram  of  the  same 
^'Hiding,  by  which  the  two   modes  of  presentation  may  be 


*^o.  168,— Dkyklopment  of  Kiso-Windinq  for  4-pole  Machiiie. 

,    ***Jiared.     It  is  clear  that  in   this  Ciise  the  armature  might 

"'^sed  as  two  separate  machines  to  furnish  tw(f  sepai-ate 

'"*~^nts,  though  thia  would  not  be  desirable.     It  is  usual  to 
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couple  the  positive  brushes  together,  and  the  negative  brushes 
together.  A  6-pole  machine  would  require  six  brushes,  and 
BO  forth.  The  reader  should  examine  the  outs  of  the  Berlin 
dynamos,  Plate  YIII.  When  the  brushes  of  the  same  sign  are 
thus  connected  together  the  electromotive-force  of  the  whole 
armature  is  simply  that  of  any  of  the  sets  of  coils  from  one 
+  la  ufih  to  the  adjacent  —  brush.    In  this  4-pole  machine  the 


Fia.  109.— RiNo-Wna>nia  for  4-fou:  HAcmNE 

(CORRESPOHDINfl  TO  FlQ.  168). 


coils  of  the  four  quadrants  am  in  four  parallels  ;  the  internal 
resistance  is  one-sixteenth  of  the  t^ital  resistance  around 
the  entire  ring.  There  is,  as  we  shall  see,  another  mode  of 
connecting  the  coils  of  a  multipolar  ring,  in  which  the 
quadrants,  instead  of  being  all  in  parallel,  are  in  series,  so  as 
to  give  two  parallels  only.  This  n:ode  is  sometimes  called 
multipolar  series,  or  tingle  circuit  winding ;  it  would  be  more 
appropriately  called  series-grouping.    It  requires   only  two 
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aets  of  brushes  at  neutral  points  on  the  commutator,  however 
many  poles  there  are  around  the  ring. 

In  further  applying  the  method  of  development  to  those 
cases  in  which  the  winding  is  entirely  exterior  to  the  corOf  as 


FKK  170.— TYPICAI,  ti&F-WlKDtKQ. 


/ 


Flo,  171.— Tttpical  Wave-Windino. 
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for  dmm  armatures,  or  to  those  in  which  there  is  no  core  at 
dU  namelj  for  disk  armatures,  we  find  that  there  are  two 
distinct  modes  of  procedure,  which  we  may  respectively 
denote^  as  lap-winding  and  wave-mnding.  The  distinction 
irises  in  the  following  manner.  Since  die  conductors  that 
are  passing  a  north  pole  generate  electromotive-forces  in  one 
direction,  and  those  that  are  passing  a  south  pole  generate 
electromotive-forces  in  the  opposite  direction,  it  is  clear  that  a 
conductor  in  one  of  these  groups  ought  to  be  connected  to  one 
in  nearly  a  corresponding  position  in  the  other  group,  so  that 
the  cuiTent  may  flow  down  one  and  up  the  other  in  agreement 
with  the  directions  of  the  electromotive-forces.  If  now  we 
examine  Fig.  170  we  shall  see  that  at  the  back  of  the  arm- 
ature (or  end  distant  from  the  commutator)  each  conductor 
is  united  to  one  five  places  further  on — No.  1  to  No.  6, 
No.  3  to  No.  8 — and  that  at  the  front  end  the  winding,  after 
having  made  one  "element"  (as  for  example  rf-7-12-^), 
then  foims  a  second  element  (^-9-14-;/"),  which  laps  over  the 
first ;  and  so  on  all  the  way  round  until  the  winding  returns 
dn  itself. 

Now  contrast  with  this  Fig.  171,  in  which,  though  the 
connections  at  the  back  end  are  the  same,  those  at  the  com* 
mutator  end  are  different.  It  will  be  seen  that  when  the 
winding  returns  back  toward  the  commutator,  instead  of 
lai)ping  back  toward  the  part  from  which  it  started,  it  is 
turned  the  other  way.  The  winding  d-7-12  does  not  return 
at  once  to  e,  but  goes  on  to  i,  whence  another  element  i-17-4-^ 
goes  on  in  a  sort  of  zig-zag'  wave.  These  are  both  drum 
windings,  the  corresponding  tables  being  as  follows : — 

It  will  be  noted  in  passing  that  whilst  with  this  particular 
numl)cr  of  conductors  (18)*the  lap-winding  results  in  four 
parallels  of  coils,  and  needs  four  brushes,  the  wave-winding 
results  in  two  parallels,  and  requires  two  brushes  only. 


1  The  wavcywindlng  is  Fritsche's  Wellen-wickelung  ;  the  lap- winding  is 
called  by  Arnold  (op.  cit.)  Scheitel-wickelung.  Wave-windings  were  early 
used  by  Matthews,  Bollmann,  and  Muller;  and  by  Ferranti  and  Lord  Kelvin 
for  alternate-current  generators. 
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H^xndinq-Table  for  Fig.  170. 
(Lap-Winding.) 


Winding-Table  for  Fig.  171. 
(Wave-Winding.) 
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aneitii   forinulse   for   connecting — jipplicable   chiefly  to 

-windings — have  been  given  by  Hopkinson,  by  Aliiller 

V)y  Arnold.     We  shall  follow  the  latter  in    the   main. 

is  no  diflBculty  abont  ring-windings  ;  but  a  few  special 

are  separately  considered  later.     With  drum-windings, 

ver,  certain  complications  arise  needing  discrimination. 

deducing  a  formula  for  finding  the  proper  spacing  of 

tictora   in  a  drum  armature,  it  is  well  to  begin  with  a 

ar  machine,  and  then  afterwards  consider  the  effect  of 

*ig  more  than  two  poles.     We  have  seen  from  Fig.  161 

it  is  desirable  in  order  to  obtain  a  symmetrical  winding 

'^^t  aside  the  even  numbei's  as  returns  for  the  odd  numbei*s. 


^'^^v  in  Fig.  161  there  is  only  one  spiral  around  the  armature 

^^^  P^issing  from  the  bar  a  to  the  bar  6,  but  in  a  high-voltage 

^^'^H.chine  there  might  be   seveml   spirals.      However   many 

^*^^ere  may  be,  we  will  call  this  portion  of  the  winding  that 

*^^^  between  two  commutiitor    bai-s   an   "element"   of    the 

binding.     Suppose  it  consisted  of   five   spirals,  then   there 

Would  be  ten  conductoi-s   in   one   element,  that   is   to  say, 

five  conductors   together   in   a   group   at   one   side  of   the 


\ 
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armature  and  a  group  of  five  almost  opposite  them.  Each 
of  these  groups  of  five  would  form  a  "  section  "  of  the  winding. 
We  have  to  consider  how  many  of  these  sections  must  be 
passed  by  in  connecting-up  conductors.  The  number  so 
bridged  over  may  be  called  the  spacing  and  may  be  denoted 
by  y  (for  example,  if  No.  8  section  is  connected  to  No.  15 
then  y  =  7).  It  must  always  bear  such  a  relation  to  total 
nuTnber  of  sections  %  that  as  we  go  on  step  by  step  from 
one  section  to  another,  we  do  not  arrive  at  the  point  from 
which  we  started  until  all  the  sections  in  the  aiinature  have 
been  included.  If  we  denote  the  total  number  of  conductors 
around  the  armature  by  Z  and  number  of  conductors  in  one 

"  element"  of  winding  by  6,  then  t-  gives  us  half  the  number 

of  "  sections  " ;  if  we  now  add  or  subtract  1,  from  this  number, 
we  shall  get  a  suitable  number  for  the  spacing  in  a  bipolar 
machine.  We  have  seen  that  we  maj'  add  or  subtract  more 
than  1,  as  for  instance,  in  a  chord-winding,  or  in  the  case  of 
a  multiplex  winding,  as  to  which  see  p.  272.  Denoting  the 
number  so  added  or  subti-acted  by  the  letter  a,  we  have  as 

Z 

a  suitable   "spacing"   for  a  bipolar  drum-winding  y  +  a. 

Now,  if  the  dynamo  has  got  p  pairs  of  poles  the  part  of  the 
winding  extending  under  one  pair  of  poles  may  be  exactly 
the  same  as  if  those  were  the  only  poles  existing,  with  this 
exception,  that  connectora  may  go  from  conductora  in  it 
to  conductors  in  a  second  part  of  the  winding,  under  an 
adjacent  pair  oj  poles,  instead  of  going  to  similar  conductors 
in  it.  If  therefore  we  divide  the  expression  given  above  by  p, 
we  will  get  the  expression  given  by  A  mold  for  the  spacing  in 
a  multipolar  drum,  namely 

Z  ==  6  (p  y  +  a). 

When  we  are  dealing  with  multipolar  drums  the  symbol  a 
has  a  special  significance.     Putting  chord-windings  and  multi- 
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plex  windings  out  of  account,  for  the  sake  of  simplicity,  a 
-will  be  the  number  of  bifurcations  of  the  current  through 
sets  of  coils  that  are  in  parallel  with  one  another. 

Xhe  number  of  neutral  points  on  the  commutator  will  be 
aluTAjs  ==  2  a.  The  number  y  must  always  be,  relatively  to  «, 
a  prime  number,  otherwise  the  winding  will  not  be  re-entrant 
closed  coiL  If  they  have  a  common  fac)pr  (as,  for 
iple, «  :^  86,  y  :^  27,  where  the  common  factor  is  8)  there 
will,  be  as  many  independent  circuits.  In  applying  the 
foi-rifiulse  we  have  several  cases  to  deal  with. 

d'iT.)  Parallel  Grouping.     We  have  seen  in  the  case  of  an 

^r<ii:iiary  ring  that  there  will,  in  a  4-pole  field,  be  four  rows 

of  jb    Z  coils  each  in  parallel  with  one  another.    Any  grouping 

i7lkl.<3h  results  in  as  many  rows  in  parallel  as  there  are  poles 

iiro'i.a.nd  the  armature  is  called  s,  parallel  grouping.    In  a  12- 

];k>L^  field  we  should  have  12  rows  of  -^^  Z  each,  in  parallel. 

Csbc^li  pair  of  such  rows  may  be  considered  as  constituting  a 

Be[>s^rate  2-pole  armature.     It  is  also  so  for  drum  armatures 

if  v^j^cund  with  lap-windings,  but  not  if  with  wave-windings. 

TH^  two  cases  stand  thus  for  getting  a  parallel  grouping:— 

C^)  With  Lap^nding  write  in  the  formula  p  =sl  and 
a  =  1,  and  apply  it  to  a  set  of  conductors  lying 
between  two  poles  of  similar  name. 

C^3  With  Wave-mnding  write  a=p;  that  is  to  say, 
there  must  be  as  many  bifurcations  of  the  curi^nt  as 
there  are  pairs  of  poles.  ,  In  a  6-pole  machine  jt?  =  8, 
and  the  current  will  bifurcate  at  three  points  (the 
three  negative  brushes),  going  through  six  parallel 
paths  to  the  three  positive  brushes  (or  to  the  cross 
connections  that  lead  to  the  positive  brush). 

x*f  •)  Series  Grouping.     For  this,  seeing  that  the  current 

^y  bifurcates  once,  a  =  1,  whatever  the  mode  of  coiling. 

^Vie  case   of  2-pole   machines   the   series   grouping  and 

r^y^llel  grouping  are  the  same  thing — there  are  two  rows  of 

^^Is  in  parallel  with  one  another,  and  the  winding  may  be 

Wu^r  a  wave-winding  or  a  lap-winding.    For  4-pole  machines 
17 
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the  same  holds  good.  For  machines  having  more  poles  than 
four,  however,  the  only  possible  cases  of  series  grouping  are 
wave-windings. 

(m.)  Mixed  Groupings.  There  are  several  possible  cases 
of  mixed  lap-  and  wave-windings,  corresponding  to  cases 
where  a  >  1  or  a       p. 


Fia.  1T2.— RiNG-WiNDiso  with  oppositk  Coils  is  Sebies. 

As  examples  for  verifying  these  foimulfe  we  may  take  the 
following : 

In  tlie  ring-winding.  Fig.  34,  p.  40,  Z  =  32  ;  p  =  1 ;  6  =  4; 
»  ^  8  ;  c  ^  8,  Hence  y  ^  7  or  9.  But  the  ring  has  eight 
sections  only,  of  which,  therefore,  the  seventh  and  the  ninth, 
reckoned  from  any  givea  section,  ai-e  those  that  lie  on  either 
side  of  it. 


On   Winding  of  Armaiures^ 


259 


In   the  drum-winding,  Fig.   69,  p.  85,    Z  =  82 ;  j9  =  1 ; 

=  2  (because  each  "  element "  of  the  winding  from  bar  to 

of   the   commutator  contains   two  active   conductoi-s) ; 

s  =  16  ;  <?  :=  16.     Hence  y  =  16  or  17.     The  former  number 

msty  be  taken  as  refemng  to  the  front  layer  of  connections 

(iNo-  1  to  No.  16),  the  latter  to  the  layer  below  them  (No.  2 

to  No.  19). 

further  example  is  afforded  by  a  special  ring-winding 
by  Wodieka,  Fig.  172,  in  which  each  section  is  joined  in 
with  one  on  the  side  opposite  to  it,  so  that  the  number 
of  csommutator  bars  is  half  that  of  the  sections.  Here  each 
"  element"  of  the  winding  consists  of  two  sections  each  con- 
tatii^ i ng  active  conductoi-s ;  hence  6  =  4;  Z  =  32;  «  =  16: 
p  -  1 ;  whence  y  may  be  either  9  or  7. 

Drum-Windings. 

I^»=».  Fig.  173  is  given  a  drawing  of  drum-winding  applied  to 

*^     S-part  armature.     As  in  all  Siemen's  earlier  drums  the 

^'^^ings  lay  in  two  layers,  each  section  l)eing  wound  dia- 

^'^^^^ically.     Thus  starting  from  the  bar  of  the  commutator 


Ro.  178. — OONNKCnONS  OF.SlKMENS  (VON  HeFNER-ALTENECK)  WiNMNO. 
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Fig.  174.— Connections  of 
Edison  Winding. 


HI' 


marked  1  we  pass  outwards  to  1',  then  down  the  armature, . 
across  the  back,,  up  to  1",  and  (after  having  wound  a  sufficient 
number  of  tums  to  form  a  section)  spiral  up  to  bar  2  of 

the  commutator.  The 
Edison  vai'iety  of  Sie- 
mens' winding  is  shown 
in  Fig.  174.  The  diagram 
only  shows  a  simple  case 
with  a  T-part  commu- 
tator. Here  S  =  14; 
6  z=  2 ;  and  according  to 
the  formula  y  should  be 
6.  But  the  actual  value 
of  the  spacing  is  7  at  the 
back  and  5  at  the  front 
end,  as  will  be  seen. 
With  an  odd  number 
of  sections  commutation 
does  not  occur  simulta- 
neously (in  bipolar  ma- 
chines) at  both  the  brushes,  but  alternately. 

A  closer  study  of  the  drum-winding  is  important,  and 
accordingly  there  are  given  a  series  of  winding  diagrams 
relating  to  several  varieties. 

In  Figs.  175  and  176  are  given  a  right-handed  winding  on 
Siemens'  plan  for  an  8-part  commutator,  and  one  turn  to  each 
section,  i.  e,  with  16  conductoi's  spaced  round  the  peripherj-. 
The  connecting  pieces  at  the  front  end  consist  of  straight 
connectora  (such  as  a  6)  and  spiral  connectora  (such  as  a  1), 
which  cross  (either  under  or  over)  the  former.  The  connecting 
pieces  at  the  back  end  are  not  further  indicated  than  by  the 
dotted  lines  drawn  across.  In  the  developed  diagram  it  is 
shown  that  each  element  of  the  winding  is  similar  to  (?-5-12-cf 
and  that  the  an*angement  is  a  lap-winding.  The  back  con- 
nectors space  over  seven  conductoi-s,  being  just  short  by  one 
of  the  number  J  Z  in  tlie  semi-circumference  ;  whilst  the  front 
connectoi-s  space  over  five,  being  short  by  three  of  the  semi- 
circumference.     It  will  be  further  noted  that  with  this  right- 
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landed  winding,  rotating  rightrhandadly  in  a  rightrhanded 
^elc],  the  +  brush  is  near  the  top  of  the  commutator. 


***-  17B  and  176.— LAP-WijJDUio  (SisHENS'  Riqht-hasded)  Devbui^ 
HENT  AjiD  End  View. 
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Figs.  177  and  178  represent  the  same  thing,  except  that 
the  winding  is  left-handed,  with  the  result  that  the  +  brush 
is  now  near  the  bottom  of  the  commutator. 

The  winding  table  for  both  tliese  figures  is  the  same, 
namely : — 


F 

B 

F 

+  a 

r 

8 

b 

b 

3 

10 

c 

5 

12 

d 

d 

7 

U 

e 

—  e 

9 

18 

f 

f 

11 

2 

a 

9 

13 

4 

h 

h 

15 

6 

" 

But  in  the  right-handed  winding  the  spiral  connectors,  such 
as  a  to  1,  go  towai-d  the  left,  and  in  the  left-handed  winding 
to  the  riglit. 

In  Fig.  17o  and  Fig.  177  (the  developments)  it  is  seen 
th^t  for  both  these  windings  the  "element"  of  the  winding, 
indicated  l»y  the  daiker  lines,  is  unsymmetrical  at  the  frant 
connectoin,  one  straight,  one  spiral.  Tlie  bar  a  of  the  end 
of  tlie  di'um,  this  being  due  to  the  use  of  two  sorts  of  com- 
mutator is  connected  to  the  front  end  of  conductoi-s  No.  1 
and  No,  6.  In  one  case  it  is  skewed  forward  to  be  opposite 
No.  6 ;  in  tlie  other  it  is  skewed  backward  to  be  opposite 
No.  1.  Why  should  it  not  be  placed  symmetrically  between 
them? 

Figs.  179  and  180  depict  a  syinnietric.il  lap-winding,  elec- 
trically precisely  equivalent  to  tlie  preceding,  and  having  the 
same  winding  tiible.  Tlie  adv.intages  are  twofold:  that  (for 
built-up  ai-matures)  the  connectoi-s  at  tlie  front  end  are  now 
all  of  the  same  pattern,  consisting  of  two  sets  of  sliortspimls  ; 
and  that  the  brushes  now  come  to  a  horizontal  diameter  where 
they   are   more   accessible.      The  back  connections   remain 
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MENT  iND  End  View. 
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exactly  as  before^  and  go  across  a  longer  chord  than  the  front 
connections. 

To  secure  the  utmost  symmetry  in  the  winding,  the  back 

and  front  connectors  ought  to  be  equalized.   The  theoretically 

prxy'pev  spacing  is  y  =  7  or  y  =  9.     To  attain  this,  join  No.  1 

to  !N'o.  8  at  one  end  of  the  drum  and  to  No.  10  at  the  other* 

T*2ie  result  is  shown  in  Figs.  181  and  182,  from  which  it  is  at 

once  apparent  that  we  have  passed  from  lap-windings  to  a 

Tvave- winding ;  each  element  passing  around  the  drum  and 

retux-ning  only  to  the  next  bar  of  the  commutator  from  whenoe 

it  started.    The  winding-table  for  this  case  is :— 


F 

B 

F 

•\-a 

16 

9 

h 

b 

2 

11 

e 

c 

4 

18 

d 

d 

6 

15 

e 

—  e 

8 

1 

f 

f 

10 

3 

ff 

g 

12 

5 

h 

h 

U 

7 

a 

wmOl  V 


cally  this  winding  is  the  precise  equivalent  of  the 
The  spiral  connectors  at  the  back  end  meet 
those  at  the  front  meet  at  the  commutator. 
c^--layer  winding  for  twenty-four  conductors,  together 
clevelopment,  are  given  in  Figs.  183  and  184,  showing 
en  half  the  armature,  from  a  to  ^,  has  been  completed 
has  been  wound. 
ipolar  Drums. — As  mentioned  on  p.  278  below,  the 
g  of  multipolar  armatures  with  series-grouping  was 
by  Professor  Perry .^     It  has  been  applied  to  drum* 
^>g  by  Messrs.  Paris  and  Scott,^  and  by  Mr.  Kapp.    For 
Q  of  multipolar  machines  it  is  convenient  to  state  the 


1  Specification  of  Patent,  No.  3aS6  of  1882. 
•  Specification  of  Patent,  Xo.  4683  of  1884. 
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F10&  tSl  and  183.— WATB-WnntiKO  (3-polb  SnoonBiOAiJ  Develop- 
HSKT  AMD  £ia>  Tmw. 
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Fios.  1B3  and  184.— Two-Layer  Drum- Winding. 
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rule  in  words  that  if  a  series  grouping  (so  as  to  give  high 
voltage)  is  desired,  y  must  be  an  odd  number  and  that  the 
total  number  of  conductors  must  be  equal  toy  times  the  whole 
number  of  poles,  plus  or  Ininus  two.  For  example ;  for  a 
6-pole  drum,  taking  y  as  15,  the  number  of  conductors  must 

Winding  Table  fob  8-Polb  Drum  Abmatube  ;  202  Conduotobs  ; 
Series  Oroupino  ;  Brushes  (+)  185^  apart. 


B 


B 


B 


B 


D 

U 

202 

25 

200 

23 

198 

21 

196 

19  - 

194 

17 

192 

15 

190 

18 

180 

11 

186 

9 

184 

7 

182 

5 

180 

8 

178 

1 

176 

201 

174 

199 

172 

197 

170 

195 

168 

198 

166 

191 

164 

189 

162 

187 

160 

185 

158 

183 

156 

181 

154 

179 

152  ^ 

177 

50 
48 
46 
44 
42 
40 
88 
36 
84 
82 
30 
28 
26 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
202 


u 

D 

75 

100 

78 

98 

71 

96 

69 

94 

67 

92 

65 

90 

63 

88 

61 

86 

59 

84 

57 

82 

55 

80 

53 

78 

51 

76 

49 

74 

47 

72 

45 

70 

43 

68 

41 

66 

39 

64 

37 

62 

35 

60 

33 

58 

31 

56 

29 

54 

27 

52 

u 


125 
123 
121 
119 
117 
115 
113 
111 
109 
107 
105 
103 
101 
99 
97 


D 


150 
148 
146 
144 
142 
140 
138 
136 
134 
132 
130 
128 
126 
124 
122 


95  +  120 


93 

91 

89 
87 
85 
83 
81 
79 
77 


118 
116 
114 
112 
110 
108 
106 
104 
102 


U 


175 
173 
171 
169 
167 
165 
163 
161 
159 
157 
155 
153 
151 
149 
147 
145 
143 
141 
139 
187 
135 
133 
131 
129 
127 
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he  either  88  or  92  ;  not  90.  On  p.  268  is  given  a  winding- 
table,  calculated  by  Mr.  Kapp  for  an  8-pole  machine  having 
a  spacing  of  y  =  26. 

It  may  be   remarked   in   passing   that  if  in   multipolar 

maoliines  the  number  of  sections  is  an  exact  multiple  odd  or 

even  of  j9,  the  grouping  will  be  parallel :  and  if  it  is  an  odd 

multiple  then  commutation  will  not  occur  simultaneously  at 

all  the  brushes,  but  alternately  at  all  the  +  brushes  and  at  all 

tJ^e .  brushes,  similarly  to  the   alternate   commutation  in  a 

%>ol^  machine  when  there  is  an  odd  number  of  sections  in 
^he   winding. 

I IX  Pig.  185  and  186  are  given  the  connections  for  a  4-pole 
driar»:k^winding  with  twenty-two  conductor;  herey  =  5.  The 
^^*-^^ijig-table  for  this  armature  is  as  follows : — 


4-FOLE  Drum  :  22  Conductors  :  Serucs  Groupino. 


F 

B 

F 

B 

F 

D 

U 

D 

U 

1 

18 

18 

8 

8 

20 

15 

10 

5 

22 

17 

12  + 

+  7 

2 

19 

U 

0 

4 

21 

16 

11 

6   - 

— 

1 

In  Fig.  187  and  188  is  given  a  lap-winding  used  by  Thury 

V^ee  Fig.  297,  p.  442),  the  case  illustrated  being  that  of  a4-pole 

^t-um.    It  is  a  lap-winding  for  parallel  grouping,  with  a 

spacing  at  the  back  end  just  short  of  the  pitch  of  the  poles 

^iid  a  still  shorter  spacing  at  the  front  end.    This  is  a  form  of 

chord  winding  intended  to  keep  conductors  at  very  different 

potentials  from  overlapping,  and  it  can  be  well  insulated 

because  the  separate  sections  can  be  wound  on  formers  before 

being  laid  over  the  core. 
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PioB.  185  and  188.— Mcltttolab  Drum- Winding  :  Series  GRoiTisa 
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*tos.  187  and  188.— Thdry's  Arkatuhe  (4-pole  Lap-Windino.) 
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A  method  of  druni-wiudiug  was  .proposed  by  Frihsclie,^  in 
wliieb  the  conductoi's  all  lie  obliquely  across  the  surface  of 
the  drum,  no  part  of  them  being  pai'ailel  to  the  shaft.  In  tliis 
case  the  £eld-magiiet  poles  are  also  coiistiucted  with  diagonal 


Fio.  189.— Fkitsche's  Obliqtie  Wave-Windiko. 

faces.  This  oblique  winding  is  shown  developed  in  Fig,  189; 
which  should  be  compared  with  the  winding  of  Fig.  201,  to 
which  it  is  electrically  equivalent. 


Multiplex  Windings. 

In  dynamos  intended  to  yield  cuiTents  so  large  that  a 
difficulty  in  commutation  is  likely  to  arise,  it  is  convenient  to 
have  two  or  more  distinct  windings  on  the  armature,  each 
connected  to  its  own  set  of  commutator  bars,  all  the  sets 
being  interleaved  in  one  commutator.  The  cuirent  in  such 
cases  is  collected  by  a  pair  of  brushes  broad  enough  to  make 
contact  over  two  or  tliree  consecutive  bars,  or  by  a  set  of 
several  brushes  connected  in  parallel  so  as  to  virtually  foim 
broad  brushes.  The  advantage  of  duplex  or  triplex  windings 
having  two  or  three  independent  circuits  is  that  only  a 
fraction  of  the  whole  current  has  to  be  revei'sed  in  the  passing 
of  any  one  bar  of  the  commutator.  The  division  of  what 
would  otherwise  lie  veiy  stout  conductoi-s  into  several  smaller 
conductors,  also  lias  the  effect  of  i-educing  eddy-current  loss 

'J)fe  Oleieligtrom-Dffnamomagchine,  Berlin,  1889. 
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Figs.  190  and  191  show  the  connectioiiB  of  ft  triplex-wound 
drum-armature  for  a  2-pole  field  having  48  conductore  in 


noB.  190  and  191.— Triplex- WOUND  2-foi.e  Druu     Abmatubk. 
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all,  that  is  to  say,  16  in  each  independent  circuit.  Inpracticea 
greater  number  of  conductors  would  of  course  be  used.  Each 
circuit  is  wound  as  an  ordinai-y  dnim-winding,  being  con- 
nected to  8  bare  of  the  commutator.  There  are  no  connections 
between  the  three  circuits  except  such  as  are  made  by  the 
brushes,  which  are  broad  enough  to  overlap  three  bars  of  the 
commutator,  thus  putting  the  three  circuits  in  parallel. 
The  winding- tables  for  this  armature  are  as  follows  :^ 


CiRCurra. 

Circuit  b. 

CntcCTPc 

F          B 

F 

F 

B 

F 

F 

B 

P 

a 

1 

28 

d 

h 

47 

20 

<- 

e 

45 

18 

f 

d 

43 

16 
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g 

41 

14 

h 

f 

SB 

12 
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0 

87 

10 

J 

h 

85 

8 

k 

i 

33 
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I 

J 

31 
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m 

k 

29 
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n 

I 

27 

48 

o 

S5 

46 

P 

n 

23 

44 

7 

o 

21 

42 

T 

P 

19 

40 

« 

9 

17 

38 

( 

T 

15 

36 
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g 

13 

34 

V 

t 

11 

32 

1C 

u 

9 

30 

X 

" 

7 

28 

a 

w 

5 

26 

b 

3 

24 

e 

Fig,  192  shows  the  connections  of  a  triplex-wound  drum- 
armature  for  a  4-pole  field.  The  connections  are  sufficiently 
clear  without  the  aid  of  a  winding-table.  There  are  90  con- 
ductors, 30  in  each  circuit,  the  spacing  being  21. 


Multipolar  Ring-Wisdings. 

Of  these  something  has  been  already  said  on  p.  250.  It 
was  noted  that  an  ordinary  ring  placed  in  a  multipolar  field 
would  have  as  many  neutral  points  on  its  commutator  as  there 
are  poles  around  it,  and  would  therefore  need  as  many  brushes 
as  the  macliine  had  poles.  In  plate  VIII.  are  given  two  views 
of  the  lai^e  Berlin  type  of  multipolar  ring  machines  with 
internal  field-magnets,  which  originated  with  Messrs,  Siemens 
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taxd  Halske.  The  ring-winding  is  built  up  oE  separate  copper 
conductors  which  are  joined  together  in  a  simple  continuous 
spiral.  The  outer  portions  of  these  conductors  are  made 
deep  and  bi-oad,  bo  as  to  serve  as  a  commutator.  The  brushes 
frail  on  the  outer  surface  of  the  ring ;  and  it  will  be  noted 
tfiat  there  are  as  many  sets  of  brushes  as  there  are  internal 
poles  ;  the  brushes  are  spnced  ont  atequal  angular  distances ; 


FlO.  193.— TRIFLE-WOUND  4-POLEDRm(AlUUTtJB£. 

"^^  o«ing  10  seta  of  them,  alteraately  positive  and  negative. 
^  positive  brushes  are  all  connected  together  electrically; 
^  the  5  negative  brushes  are  also  connected  together.  la 
ca^Q  there  are  10  paths  through  the  armature  from  the  -\- 
,  ^^  —side  of  the  circuit.  It  is,  however,  possible  to  reduce 
** timber  of  brushes  to  two,  by  two  independent  methods* 
***  "which  connects  the  rows  of  sections  in  parallel  with 
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multiple  paths  throughout  the  ring,  the  other  puta  them  in 
series  with  but  two  paths  through  the  ring. 

In  Fig  X93  is  represented  a  mode  of  reducing  the  number 

of  brashes  to  two,  by  eroas-eoiinecting  windings  at  opposite 

sides  of  the  ring,  h  device  due  to  Mr.  Moi-dey.     This  may  be 

looked  tiix>n  as  simply  putting  into  parallel  with  one  another 

each  coil  and  the  one  that  occupies  the  similar  place  opposite 

the   corresponding   pole.      The   arrangement  looks  unsym- 

metrical,  but  is  not  really  so.     For  a  6-pole  machine  each 

coil  would  need  to  be  connected  with  the  two  others  at  120" 

on    either    side    of    it. 

There  are  several  actual 

ways  of  doing  this.   One 

is    by   means   of  spiral 

>  connectors ;   another   is 

by  connecting  across  the 

corresponding    bars    of 

the  commutator.     In  the 

Victoria  dynamos  of  the 

Brush   Company   (Fig. 

283)  ^e  length  of  shaft 

between  the  ring  and  the 

commutator   permits  of 

double  cross-connection, 

F,o.  198.-Moi»ET'.MmoD0i.  ^    junction    of   tvra 

HULTIPOLAIt  CONNKCTION  OF  RUJO  ' 

(Paballkl  CoNNiCTiONs.)  adjacflut  sections  bemg 

connected  by  a  wire 
down  to  the  nearest  bar  of  the  commutator,  and  also  connected 
round  to  tliat  on  the  opposite  side,  as  in  Fig.  194.  Such 
cross-connected  machines  i-eally  have  four  neutral  points  on 
the  commutator,  but  the  brushes  collect  the  current  fit>m 
two  only. 

There  are  severat  methods  of  grouping  the  windings  in 
series  so  as  to  gain  a  double  electi-omotive-force.  One  of 
these  modes,  electrically  symmetrical,  is  depicted  in  Fig,  195, 
wherein,  while  opposite  coils  are  coupled  in  series,  the  com- 
mutator bars  are  cross-connected.  This  req  uires  also  but  two 
brushes,  at  90°  apart.     Two  other  modes  of  accomplishing  the 
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sarae  end  iire  shown  111  the  windings  of  Figs.  196  and  197. 
1ei-«,  however,  the  connections  are  not  symmetrical,  so  that 


',^^^  -a.— COWWBcnOMS  OF   VlCTOBU. 

***<*EnET)  4-poLB  Aamatukb. 


Fig.  1M.— 4-pole  Ring,  Sekieb 
Gboupihq  (2  Bows). 


^^^^^  resistances  of  the  two  paths  (and  therefore  the  respective 
^-^%-rents)  cannot  be  at  all  instants  equal. 


V 


,  196. — 4-POLA  Rins,  Serixb 
GBovpiaa  (2  Rowa). 


In  yet  another  arrangement  (Fig  198),  each  coil  is  con- 
nected down  to^  segments  at  intervals  of  860"*  -t-  p  around 
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the  ring;  and  introduces   an  inci-eased  number  of  bars  of 
the  commutator. 

Another  winding,  Fig.  199,  devised  by  Professor  Perry, 
brings  down  the  connections  from  each  section  across  a  chord 
of  the  commutator.     The  case  sliown  is  that  of  a  ring  with 


Pig.  196.— Multipolar  Kino. 


eleven  sections  in  a  4-pole  field.  Tlie  number  of  sections  and 
of  paits  of  the  commutator  must  be  odd  if  the  number  of 
paii-s  of  poles  is  even.  It  may  be  either  odd  or  even  for 
6-pole  or  10-pole  machines.  Arnold  points  out  that  it  is 
given  by  the  formula: 

Z=p  y  +  1. 
Arnold '  lias  described  numerous  other  ring  windings  of 
complex  kinds ;  and  Parshall  has  given  many  examples. 

Disk-Windings. 
These  may  in  general  be    treated  as  drum  windings  ex- 
tended I'adially,  the  outer   peripherj'   corresponding   to  the 
back  end  of  the  drum.     The  earliest  such  winding  is  that 
suggested   in   1875,   by   Pacinotti.     This   is  a   lap-winding 
'  Op.  citat. 
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Kiapted  for   a   2-pole  field,  the  N  pole   being   behind  tlie 

Upper  part,  the  S  pole  behind  the  lower  part  in  the  cut.     It 

iiil  be  noted  that  the  outer  end  of  each  i-adial  conductor  is 

carried  round  by  a  peripheral  connecting  piece  to  join  the 

sod  of  another  radial  conductor,  which  for  a  2-[X)le  macliine 

"■oultl    be  the  one  lying  next  but  one  to  that  which  is  dia- 

■"eti-icaliy  opposite.     The  ecliematic  figure  relates  to  a  10-part 

''laature,  made  up  of  twenty  radial  conductors.     They  are 

"Umbei-ed  so  that  the  oi-der  of  connections  may  he  traced. 

'^e    diameter  of  commutation  being  d  d,  the  currents  flow 

^'ii&lly    inwards  in  one  half  and  i-adially  outwards  in  the 


^i^K  Armature. 


ot"w  ^  1 » nl[  of   tliis   disk.     The   construction    of  Paeinotti's 
exiiei-n-jji ^m^l  machines  is  described  in  his  original  paper. 

uice    then  many  suggestions  have  hcen  made  for  windings 
of  this  description. 

-^  **!.>- win  ding,  identical  witli  Pacinotti's,  but  adapted  to  a 
'l-pole  field,is  depicted  in  Fig.  201;  it  is  known  as  the  Edison 
new  <iig]j"  ytriiiding.  Tlie  disk-armatures  of  Hookham's 
elecmcity  metere  are  also  lai>wound.  liollman  and  Miiller 
iW've  de-vised  multipolar  disks  with  wave-winding. 

^'S-  2028hows  the  connections  of  a  disk  armature  designed  hy 
Wuller    Jor  a  4-pole  machine  in  whicli  the  conductoi-s  passing 
»  U.  S.  PMent,  831136  o(  1886. 
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in  froiit  of  the  different  pairs  of  poles  are  placed  in  series. 
The  brushes  in  this  case  ai-e  placed  at  90°  to  each  other. 

Disk-armatures  have  been  revived  by  Desroziere  and 
Fritsche.  Desroziera  eraploj-s  for  a  6-pole  machine  the 
elaborate  wave-winding  shown  in  Fig.  203.  A  special  study 
of  this  class  of  winding  has  been  made  by  Amoux.'    Fritsche 


no,  302.— 4-POLK  WAVE-Wmiinjo  (Hullbb). 

employs  polygonal  poles,  enabling  him  to  use,  as  condactors, 
strips  of  metal  built  up  in  star-polygon  fashion  without  any 
radial  paits — a  structural  advantttge.  His  disk,  if  developed 
out  straight,  would,  fora4-pole  machine,  be  adequately  repre- 
sented by  Fig.  189,  p.  272.  The  two  sets  of  conductors  con- 
stitute two  layers  which  are  united  at  their  outer  ends  to  the 
bars  of  a  commutator  at  the  outer  periphery. 

'  S«e  refer«nce,  p.  244. 


/ 
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The  main  difficulty  in  the  employment  of  disk-armatures 
has  beeu  in  the  construction  of  an  ai-mature  of  this  sort  which 
is  mechanically  stroing  and  capable  of  resisting  wear  and  tear. 
Desroziers  has  done  much  to  overcome  this  difficulty,  and 
hae  produced  machines  which  are  very  widely  used  in  France 
and  her  colonies.  He  discerned  that  a  disk-armature  can  be 
separated  into  two  parts ;  that  is  to  say,  taking  tlie  alternate 


FiQ.  303.— Desroziers'  6-poi.b  Disk-Wisdikq. 

^^-iftg  conductors  (the  odd  numhers  for  example},  it  is 
^^^■^le  to  build  them  and  their  conneetoi-g  into  a  regular 
?.  ^^     in  one  plane  without  troublesome  over-crossings,  and 


of  th. 


t*l»ne  of  conductors  can  be  8U])ei'imp03ed  upon  a  similar 
^*3iltupof  the  other  alternate  conductors,  so  tliat  tlie  ends 


H^Wx, 


e   connectors  coincide  and  only  require  to  l>e  soldered 


ler  to  form  a  complete  re-entnint  winding. 
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This  will  be  understood  by  reference  to  Figs.  204,  205  and 
£06.  Fig.  204  sbows  six  conductors  joined  in  series  forming 
part  of  a  dbk  armature  intended  for  a  6-pole  field,  the  current 
flowing  inwards  when 
passing  one  pole  and 
outwards  when  passing 
the  next  pole  of  opposite 
sign.  In  order,  to  mount 
a  number  of  these  con- 
ductora  in  seiies,  they 
and  their  connectors  may 
be  taken  in  pairs  and 
half  of  them  mounted  in 
the  manner  shown  in 
Fig.  205,  in  which  the 
portion  K  <:  <2  %  f  will  be 
recognized  from  Fig.  204. 
The  other  half  are 
mounted  as  in  Fig.  206, 
where  the  portion  R'  d  d'  I!  ^  is  a  continuation  of  the  series 
in  Fig,  204.    In  each  of  these  planes  of  conductors  the 


FlGfl.  30a  and  206.— Cohstbpctios  of  DssROZiEits'  Disk  Abmatubb. 

ends  are  brought  out  to  the  points  numbered  1,  2,  3,  &c., 
up  to  32.     By  placing  tliese  two  disks  face  to  face,  then 
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soldering  up  the  coinciding  ends  and  carrying  those  on  the 
inside  to  the  bars  of  a  commutator  we  have  a  complete 
armature  winding. 

It  is  obvious  that  there  are  other  ways  of  dividing  up  the 
series  of  conductors  shown  in  Fig.  204  than  the  method 
adopted  in  Figs.  205  and  206.  For  instance,  all  parts  similar 
to  R  c  df,  R'  {/  d\  &c.,  might  be  mounted  to  form  one  plane 
of  conductors  and  the  parts 
d  h  t^  d'  h!  t',  &c.,  would 
then  form  the  other  plane. 
In  high  voltage  machines 
where  a  number  of  turns 
per  segment  are  required, 
this  can  be  done  in  the 
manner  shown  in  Fig.  207, 
where  the  same  letters  are 
tsed  to  denote  coiTcspond- 
ing  parts. 

In  practice  there  are  two  distinct  methods  of  construction 
tised:  (1)  wire-wound  armatures;  and  (2)  strip-built  arma- 
tures.   The  wire  in  the  former  is  threaded  through  holes  in 
*^o  concentric  compressed  cardboard  rings  that  form  the 
outer  and  inner  supports  for  each  plane  of  conductors.     The 
^o  planes  are  then  mounted  face  to  face  on  a  metal  spider, 
the  arms  of  which,  radiating  from  the  shaft,  pass  between  the 
two  layers  of  conductors.^     Large  machines  of  this  type  can 
be  made  which  do  not  weigh  more  than  55  lbs.  per  horse- 
power.   The  eCBciency  is  as  high  as  that  of  good  continuous- 
carreut  machines  of  the  ordinary  type  with  cored  armatures. 


Fig.  207. 


^  Por  farther  particulars  of  these  machines  see  Electrical  Engineer  (N.Y.), 
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CHAPTER  XIII. 

PRACTICAL   CONSTRUCTION   OF  ARMATURES. 

Little  has  yet  been  said  about  the  proper  modes  of  secur- 
ing the  armature-conductors,  of  insulating  them,  and  of 
ventilating  them.  Most,  though  by  no  means  the  whole,  of 
the  present  chapter,  relates  to  continuous-current  dynamos 
and  motoi-s  ;  but  much  of  it  is  equally  applicable  to  alterna- 
tors. Broadly,  armatures  having  cores  of  iron  may  be 
grouped  in  two  classes ;  those  which  have  surface  windings 
supported  on  smooth  cores,  and  those  which  have  sunk  tvind- 
ings  laid  in  slots  or  holes  in  the  cores. 

Armature  Cores. — Cores  are  always  laminated,  being  con- 
structed either  of  (1)  sheet-iron  disks^  (2)  iron  ribbon^  or  (8) 
iron  wire.  Ribbon  is  only  used  for  discoidal  armatures 
magnetized  through  the  flanks.  For  drums  and  elongated 
rings  disks  stamped  out  from  soft  sheet  iron,  or  fi*om  the  best 
"mild  steel,"  are  almost  universal.  The  usual  thickness  is 
from  1  to  2  mm.  (i.  e.  from  40  to  80  mils),  but  some  makers 
go  down  to  14  mils.  They  sliould  be  of  brands  showing  the 
least  hysteresis.  After  being  stamped  out  they  should  be  an- 
nealed, and  the  burr  at  the  edges  removed.  At  this  stage,  if 
the  cores  are  smooth  (not  toothed)  it  is  usual  to  assemble  them 
upon  the  shaft,  turn  them  down  truly  in  the  lathe,  then  take 
them  apart  and  remove  the  burr  by  grinding  lightly  on  an 
emery  wheel,  then  remount  them.  Before  being  finally 
mounted  on  the  shaft  they  must  be  lightly  insulated  one  from 
the  other.  For  this  purpose  it-  is  usual  either  to  cover  one 
face  of  each  core-disk  with  varnished  paper,  or  to  enamel  both 
faces  of  each  core-disk.  Mica  insulation  here  would  be  too 
expensive,  and  it  is  not  necessary.  It  is  usual  to  make  the 
two  end  core-disks  of  stronger  iron,  sometimes  as  much  as 
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12  mm.  or  ^-inch   thick.     For  discoidal  armatures  the  iron 

ribbon  must  be  insulated  witli  an  interposed  band  of  varnished 

piper.     To  stiffen  a  discoidal  armature-core  it  is  usual  to 

build   it   upon  a    foundation 

ring  of  soft  iron,  and  this  in 

some  cjuses  is  constructed  with 

a  projecting  central  iron  web, 

on  either  side  of  wliich  iron 

ribbon  is  coiled.     An  example 

is  afforded  by  the  core  of  the  ^      ^«     ^ 

^r-  ^*r     1     N  1  .  Fio.  208.— Segmental 

V  ictoria    (Mordey)   machine,  Ck)RE-DiSK8  (Kapp). 

Fig.  283,  p.  418. 

For  large  machines  the  core-disks  are  built  up  in  segmental 
j)ortions  to  reduce  cost.  The  coi^es  are  constructed,  as  shown 
in  Fig.  208,  of  pieces  which  overlap  in  successive  layers, 
each  piece  having  eye-holes  for  bolts. 

Wire  cores  were  at  one  time  largely  in  vogue,  having  been 
used  by  Gramme.  The  soft  iron  wire,  varnished  or  sliglitly 
oxidized  on  its  surface,  was  wound  on  a  special  former,  then 
removed,  taped  externally,  and  wound  with  the  copper  wire 
conductoi-s.  Wire  cores  have  three  disadvantages:  (i.)  they 
are  mechanically  less  satisfactory  than  disk  cores ;  (ii)  they 
fill  a  given  core-space  with  an  actually  less  nett  cross-section 
of  iron  owing  to  the  intei'stices  between  the  separate  wires, 
only  about  three- fourtlis  of  the  total  cross-section  being  occu- 
pied by  iron  ;  and  (iii.)  they  present  a  discontinuity  radially 
which  offei-s  an  unnecessary  reluctance  in  the  path  of  the 
'magnetic  lines.  The  substitution  of  a  square  iron  wire  for  a 
round  one,  is  an  improvement  in  all  these  respects. 


Another  mode  of  constructing  wire  cores  was  presented  in  the 
armature  of  th^  Biirgin  machine,  which  originally  consisted  of 
several  rings  set  side  by  side  on  one  spindle,  these  rings  being 
made  of  iron  wire  wound  upon  a  square  frame,  and  carrying  each 
four  coils.  Mr.  Crompton  changed  the  square  form  to  a  hexagon 
having  six  coils  upon  it  and  increased  the  number  of  rings  to  ten. 
This  form,  however,  proved  to  be  in  no  way  superior  to  an  ordi- 
narv  Gramme  armature. 
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Toothed  (hrea.—P&c'mottVa  armature  of  1864  (Fig.  211) 
was  a  toothed  riog  of  solid  iron  supported  on  brass  spokes 
and  haviog  boxwood  distaace-pieces  fixed  to  the  teeth  to  hold 
the  wiodiogs  apart.  Armatures  built  up  of  toothed  core- 
disks,  coneisteDtl  J  advocated  by  the  author  for  the  past  twelve 
years,  have  been  much  used  in  receut  time.  They  have  four 
advantages  over  smooth  armatures,  (i.)  The  teeth  present 
au  excellent  means  of  driving  the  copper  conductors  which 
He  between  them;  (ii.)  the  teeth  may  be  brought  very  close 
to  the  polar  surfaces  of  the  field-magnet,  with  very  d 


Fia.  310.— Sunk  WiKniKo 

AND  Maohetic  Dkao 

ON  Tbeth 

clearance,  thus  bettering  the  magnetic  circuit  and  therefore 
reducing  the  amountofeopperrequiredtoexcite  the  magnetic 
flux;  (iii.)  the  drag  comes  almost  entirely  on  the  iron  cores 
instead  oE  on  the  copper  conductors,  as  indicated  in  Fig.  210; 
(iv.)  it  the  slots  are  deep  the  conductors  are  largely  protected 
against  eddy-currents.  To  set  against  these  real  advantages 
are  the  disadvantages  of  somewhat  greater  labor  required  in 
milling  out  the  channels  between  the  teeth  of  the  assembled 
core;  the  extra  difficulty  if  insulating  the  core  from  the  con- 
ductors; and  the  liability  of  the  teeth  to  set  up  eddy-cutrents 
(see  p.  93)  In  the  polar  faces.  The  latter  can  be  cured  by 
making  the  teeth  numerous  and  narrow,  also  by  laminating 
the  polar  faces  with  grooves,  and  by  enlarging  the  clearance. 
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Or  by  finally  serving  the  entire  armature  outside  the  copper 
conductors  with  a  layer  of  iron  wire. 

Toothed  armatures  were  at  one  time  much  used  by  Messrs. 
Pateison  and  Cooper;  but  English  makers  genemlly  h»ve 


Flo.  811.  —  PACiNom'a 
Toothed  Rixo  ^ma- 
Tc»E{18«4). 


FlO.  213.— COREOP  Armatcre 
OF  Motor  (Crocker- Wheelsb.) 


preferred  smooth  cores.  In  the  United  States,  however,  the 
smooth  core  is  the  exception  and  tlie  toothed  core  tlie  rule. 
Fig.  212  shows  the  form  of  armature  core  used  in  the  small 
Crockei^-W heeler  motor  (Fig,  341).  The  core-disks  are  made, 
for  convenience  of  winding,  in  two  halves. 


Fios.  213, 214, 215.— Toothed  ajjd  Slotted  Core-Plates. 


Straight  teeth  (like  Fig.  211)  and  triangular  teeth  (like 
Fig.  212)  are,  however,  the  exception.  Tliey  are  more  usually 
T-fihaped,  and  with  rather  deep  slots  between  tjie  teeth,  as 
indicated  in  Fig.  213.     Sometimes  tliey  are  preferred  in  the 
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form  of  Fig.  214,  which  abows  the  slot  as  an  oblong  perforation 
with  a  narrow  opening  only  at  the  periphery.  Fig.  216  depicts 
a  group  of  armature  cores  and  disks  in  the  shops  of  the 


/ 


\ 
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Westinghouse  Company  at  Pittsburg,  The  cores  with  large 
T-shiiped  teetli  ni-e  for  altenmtoi-s ;  whilst  the  cores  with 
nuinei'oua  imrrow  teeth  are  for  coiitinuous-curi-ent  dyniimos 
or  motora.  After  the  coi-e-disks  have  been  assembled  on  the 
shaft,  the  slots  are  very  carefully  filed  out  or  reamed  out,  to 
avoid  projecting  edges  that  miglit  cut  tlie  insulation.  The 
mode  of  drawing  iii  the  insulated  conductors  of  drum-ai-ma- 
tures  is  shown  in  Fig.  217.  In  the  armature  which  is  being 
wired  the  slots  are  deep  enough  to  admit  of  tour  conductoi-s 
one  above  the  other :  this  l)eing  intended  for  a  high  voltitge 
winding.  Compare  also  Fig.  347.  With  T-shaped  teeth  it 
is  not  necessary  to  apply  biuding-wii-es  externally,  the  con- 
ductors being  secured  by  driving  a  long  wooden  key  into  the 
slot  after  the  wires  Iiave  l>een  inserted. 

Pierced   Core-diska. — Tlie  advantages  offered  hy  toothed 
core^isks  are  poaaessed  ^o  a  still  higher  degree  by  core-<lisks 
pierced  with  armatures  just  witliin 
the  periphery.  Sucli  were  indepen- 
dently suggested   by  Parsons,  by 
Swinburne  and  by  Brown.     Wei:- 
L  strom  suggested  slotted  lioles.     lu 
I  such  armatures  the  conductors  are 
'  carried    in     tubes    of     insulating 
material    that    pass    through    the 
perforations.     Tliis  construction  is 
eminently    satisfactoiy    fi-om    the 
mechanical  and  magnetic  point  of 
view.     One  peculiar  and  valuable 
projterty  of  the  piereed  core-disks 
is,   that  they  completely  protect  the  embedded  copper  con- 
dnctoi-s,    however    massive,  from   panisitical    eddy-currenta 
whicli  would  otherwise  be  generated  in  them.     The  slots  are 
often  made  oblong,  as  in  Fig.  215.  instead  of  circular.     The 
standard  style  of  hole  used  by  Brown  is  almutSO  millimetres 
long  by  20  millimetres  bi-oad. 

Driving -Spokes  and  Spiden. — Armature  cores  are  usually 
built  up  upon  an  internal  frame  or  skeleton  pulley  firmly 
keyed  to  the  shaft.     In  small  drum-armatures  this  internal 
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SQpporting  frame  may  be  omitted,  the  coi'e-disks  themselves 
being  keyed  directly  onto  the  shaft.  Some  niakei'S  i)unch 
liei^onal  holes  in  tlie  core-disks  and  thrend  them  on  over  a 
liexagonal  shaft. 

Frequently  the  core-disks  are  held  together  by  insulated 
bolts  passing  through  them,  and  driven  by  spiders  keyed  to 
tlie  shaft,  as  in  Fig  219.  To  tliis  construction  thei-e  is  the 
objection  that  the  bolt-holes  reduce  the  effective  cross-section 
of  iron  and  strangle  the  magnetic  flux.  It  is  also  needful  that 
the  bolts  should  be  insulated  from  the  arms  of  the  spiders  by 
ebonite  wasliei-s  and  bushes,  otherwise  the  framework  will 


TlQ,  ai9.~-MODE  O?  DRIVINO 
COEE-DISK. 

^institute  a  closed  circuit  for  eddy-currents  whicli  will  heat 

"■       -A.  better  mode  is  that  used  by  Messrs.  Paterson  &  Cooper, 

'&■-    220,  in   which  the   section  of  the  iron  is  but  slightly 

(I  »iGe(i  and  the  bolts  are  entirely  internal  to  the  core. 

■^'*<^tlier  mode  is  to  provide   the  core-disks  with  dovetail 

*^«»€?sinto  which  pass  long  flanges   from  the  shaft.     Mr. 

^*^*^^t:)ton,  who  introduced   this   construction  in   188G,  also 

'^®*^    *\  method  of  connecting  with  the  driving  shaft  by  three 

°     **'^«s  in  the  latter.     In  another  form,  a  rlblied  sleeve,  which 

s  ips  c»ver  the  cylindrical  shaft,  is  driven  by  a  long  feather.     It 

^^S  costly  and  ecjually  mechanical.     Another  form  has  the 

^   Jirojecting  flanges  in  one  solid  structure. 
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Kapp'e  mode  of  driving  the  core-disks  ia  showa  in 
Fig  221,  which  should  be  compared  with  Plates  I.  and  II. 
Over  the  shaft  ia  slipped  a  long  sleeve  provided  with  three 
projecting  flanges  to  support  tlie  core-disks.  This  sleeve, 
which  is  prevented  from  slipping  by  k  long  feather  slightly 
sunk  into  a  key-way,  has  the  advantage  of  stiffening  the  shaft. 
In  armatures  for  ring-winding,  this  internal  structure  is  of  gun- 
metal  ;  in  those  for  drum-winding,  of  cast-iron.  It  ia  pushed 
up  towards  a  face-plate  which  rests  against  a  shoulder  on  the 
shaft,  and  the  core-disks  are  tightened  together  between  the 
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10.  222.— Bbown'8  lateot  Mode 
or  Drivino  Cobe-disks  Vt 
HEAJ<B  or  Key-bolts. 


two  face-plates  by  a  nut  on  tlie  shaft.  The  lower  figure  shows 
the  form  of  the  strips  of  fibre  used  for  insulating. 

Figs.  222  and  223  show  Brown's  modes  of  supporting  and 
driving  core-disks.     Fig.  223  corresponds  with  Plate  VII. 

In  Fig  223,  the  spiders  are  two  in  number,  each  having 
four  internal  web-spokes  and  wide  end-flanges.  They  fit  over 
the  shaft,  with  feathers  to  prevent  turning.  One  of  them  is 
held  up  against  a  shoulder  on  the  shaft,  and  after  the  core- 
disks  have  been  assembled,  the  other  one  is  pressed  up  by  a 
laige  hexagonal  nut.  It  will  be  noticed  that  two  of  the  webs 
on  each  spider  are  ribbed  ;  the  core-disks  being  stamped  with 
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notches  to  prevent  them  turning.  Of  the  four  web-spokea 
two  Eire  long  and 'two  short,  so  that  the  core-disks  maj 
be  compressed  as  the  spiders  are  forced  together.  Many 
makeis  now  use  similar  arningenients. 

In  Fig.  222,  which  is  more  recent,  round  steel  keys  are 
driven  into  grooves  cut  in  the  ends  of  the  spider  flanges,  and 
in  the  core-ringa. 

The  use  of  stout  end-plates  drawn  together  with  screw 


RQ.  SS8.— BBOWH'S  HODK  op  TfttmtlQ  TBM  CORK-DtSES. 

Wts  to  compress  the  core-disks  is  also  illustrated  in  Brown's 
"wehine,  built  by  the  Oerlikon  Co.,  Plate  IV. 

Another  arrangement,  admirable  for  its  strength,  is  shown 
"^  ^>g.  224.  Upon  the  shaft  are  placed  two  gun-metal  cones, 
*itti  shallow  feathers  to  prevent  turning.  In  each  cone  are 
"•rt  tliree  slots  at  angles  of  120°,  the  bottoms  of  the  slots  also 
"Oping  cone-wise.  Into  these  slots  fit  three  bridge-like  gun- 
^*^l  flanges,  with  projecting  logs  at  their  ends,  to  hold  up 
®  cote-disks.     By  screwing  up  a  nut  on  the  shaft  the  cones 
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forced  outwards  and  support  the  core-diska  at  three  points  of 
their  internal  peripheiy. 

Another  mode,  shown  in  Plate  X.,  Is  applicable  to  arma- 
tures of  targe  diameter ;  the  core-plates  have  internal  notches 
to  receive  the  ribs  of  the  dnving-centre. 

It  should  not  be  forgotten  that  compressing  stresses 
diminish  the  magnetic  permeability  of  iron  in  the  direction  of 
the  stress ;  and  that  tensile  stresses  increases  the  permeability. 

Jnmdation  of  Iron  Cores. — Mention  has  been  made  of  the 
proper  mode  of  insulating  the  core-disks  internally  from  one 


Fio.  234.— Ihkibch'b  Method  of  Drivino  bv  Two  Cones. 

another  by  interposing  paper  on  enamel.  At  their  peripheries 
they  must  be  prevented  from  making  metallic  contacts  with 
one  another.  But  beside  this  internal  insulation,  tliey  must 
be  protected  very  cai'efully  from  external  contact  with  the 
copper  conductors.  In  the  case  of  smootit  cores  it  is  usual  to 
^  serve  the  completed  core  with  one  or  two  coats  of  enamel  or 
japan,  and  then  to  cover  it  with  a  layer  of  some  tough 
material  such  as  canvas,  man  ilia- paper,  or  Willesd  en-paper, 
well  varnished  with  shellac  vainisli  or  with  Scott's  rubber 
varnish.  Where  tooth  cores  are  used,  chaiuiels  of  varnished 
pa]>er,  or  of  paper  witli  mica  strips  laid  between,  are  inserted 
between   the   teeth.     In  tlie  case  of  cores  for  ring-winding, 
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Particular  care  must  be  taken  to  insulate  the  inner  periphery 
fi'^rf  the  driving  spokes,  where  the  internal  windings  lie  neai 

Ventilation  of  Armaturei. — Armature  cores  heat  from  three 
causes  z  hysteresis  ;  eddy  currents  ;  and  heat  derived  from  the 
^oppex-    conductoi*s.     The  careful  lamination  and  insulation 
descril>cd  above,  are  but  means  to  prevent  waste  of  power  and 
to  avoid  risk  of  overheating.     In  the  case   of  ring-wound 
roach  lines  there  is  usually  an   amount   of  surface   exposed 
sufficient  to  get  rid  of  the  heat  generated  in  the  conductors 
witho  vxt  resorting  to  any  special  mode  of  ventilating.     But  in 
tlie  csi.4se  of  large  and   solidly  constructed  drum-armatures, 
some  lanode  of  forcing  the  ventilation  may  be  necessary.     In 
arum    s^rmatures  with  the  old-fashioned  wire-windings  over- 
lapping the   ends,  adequate  ventilation  is  impossible.      As 
exam j2>j^  of  ventilated  cores  the  reader  should  see  Kapp's 
urum^^^rnjature,  Plate  II.,  Fig.  1,  and  Brown's  drum-armature, 
"late   "VII.     There  are  special  ventilating  ducts  in  the  arma- 
^^®  o:f  the  large  street-tramway  genemtor,  Plate  X. 
^^   ^lie  case  of  drum-windings  having  end-connections  built 
°P»  t>>^  aiTangements  with  one  set  of  evolute  spii-als  and  one 
8€t  o:f    straight  radial  pieces  (as  in  Fig.  177,  p.  263)  are  some- 
*^e5i  j)referred  to  those  with  two  sets  of  spirals  as  in  Fig.  179, 
P'  -^^^^  as  having  a  better  fan   action.      Some   makers  use 
pia^:j-3g  with  arms  sloped  like  the  sails  of  a  windmill,  so  as  to 
P    P^X  air  through  the  interior  of  the  annature. 
/^^^' dancing  of  Armatures. — It  is  very  needful  that  armatures 
.  ^^^Xc3  be  properly  balanced,  otherwise  they  will  set  up  in- 
J  ^^Xxs  vibrations  in  mnninc:.     Most  makers  test  their  arma- 
.  ^^     for  balance  by  laying  the  journals  on  two  parallel  metal 

^   ^or  "  knife-edges  ")  and  noting  whether  the  armature  will 
.  ^'^^^iiin  any  position  without  tending  to  roll.     It  is  well 

^^d  to  balance  them  thua  on  completing  the  core  ready  for 
,     ^  ^  i^g,  and  again  after  winding.     If  the  end  core-disks  have 

^      made  of  thick  iron,  holes  can  be  drilled  in  these   to 

^^^'i^e  perfect  balance ;  or  leaden  plugs  can  be  inserted. 
^      may  be   remarked   that  this   mode   of  observing   the 
^^^1  balance  is  not  perfect;  for  if  the  masses  that  balance 

19— Vol.  3 
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arouad  the  axis  are  distributed  unsymmetricslly  along  the 
axis,  there  will  bet  whea  running,  a  tendency  to  vibration. 

J)rivitig-Som». — It  is  of  primary  importance  that  the 
armature  conductors  should  be  properiy  driven,  otherwise 
they  may  be  raked  out  of  place  by  the  tangential  drag  in  the 
magnetic  field  (p.  99).  In  the  case  of  ring-windings,  Euch 
injurious  action  is  less  likely  to  occur  than  with  drum-wind- 
ings, as  the  convolutions  which  thread  through  the  interior  of 
the  core  tend  to  hind,  and  press  against  the  driving-spokes. 
But  even  here,  it  is  found  needful  to  provide  positive  driving 
at  a  number  of  points  around  the  periphery.  Crompton 
found  it  needful  to  drive  boxwood  wedges  in  between  the  core- 
disks.  He  then  adopted  a  constmction  in  which  pieces  of  fibre 
are  inserted  at  intervals  for  ventilation  between  the  core- 
disks;  the  gaps  BO  left  being  convenient  for  the  insertion  of 
driving-horns  between  the  wires.  Kapp  used  piojecting  nar- 
row steel  horns  protected  by  pieces  of  hard  fibre.  Goolden 
used  strips  of  hard  white  fibre  inserted  into  shallow  keywftys 
milled  out  of  the  surface  of  the  core  and  held  in  by  external 
binding-wires.  Fordiscoidalarmatures  the  driving-horns  must 
project  at  the  flanks,  being  inserted  between  the  core-ribbons, 

Binding-Wires. — In  the  case  of  smooth  cores  the  con- 
ductors must  be  secured  in  their  places  by  a  number  of 
external  bands,  known  as  binding-wires.  These  must  be  very 
strong,  to  resist  centi'ifugal  force  and  to  hold  tlie  conductors 
from  being  dragged  aside;  and  yet  at  the  same  time  must 
occupy  very  little  radial  depth,  that  the  clearance  between 
conductors  and  pole-face  may  be  as  narrow  as  possible.  The 
almost  invariable  practice  is  to  employ  a  tinned  wire,  of  hard- 
drawn  brass  or  steel,  which,  after  winding,  can  be  sweated 
together  with  solder  into  a  continuous  band.  Itis  impossible 
to  give  rules  for  the  sizes  of  binding-wires.  A  frequent  size 
for  steel  wire  is  40  mils,  or  a  little  under  1  mm.  diameter. 
The  wire  is  wound  on  in  bands  of  from  10  to  80  turns  each, 
the  separate  bands  being  spaced  out  at  distances  of  from  1  to 
2  inches  apart.  Under  each  belt  of  binding-wirea  a  band  of 
insulation  must  be  laid.  This  usually  consists  of  two  layers ; 
first  a  strip  of  thin  vulcanized  fibre  slightly  wider  than  the 


Practical  Construction  of  Armatures.        297 

band  of  wires,  and  tlien  a  strip  of  mica  (in  short  pieces)  of 

^hoixt,  equal  width.     Some  makei-s  lay  a  small  strap  of  thin 

htdks^  xinder  each  band  of  binding-wires,  having  ends  which 

cs2:i.    l>e  turned  over  and  soldered  down  to  secure  the  two  ends 

oltJkx^  wire  froni  flying  out.  The  armature  depicted  in  Fig.  225 

is  &    d:rum-armature,  having  six  sets  of  binding-wires.     As  an 

exa.x2sple  it  may  be  stated  that  Mr.  Esson  i-ecommends  for  a 

smoot^la  drum-armature  10  inches  in  diameter  and  12  inches  in 

lengrtli,  six  bands  of  18-mil  (i.  e.  No.  26  B.  W.  G.)  wire,  each 

oarici    l>eing  about  I  inch  wide,  and  containing  about  83  tunis ; 

wie    l>£«.nds  being,  therefore,  rather  less  than  \\  inches  apart. 

"ft   ^   cii-iim  or  ring  20  inches  in  diameter  lie  would  use  85-mil 

^^^»   ^^x  bands  ]  inch  wide,  about  2  inches  apart. 

p  ^'^   tih^  standard  multipolar  dynamos  of  the  General  Electrio 

.  ^-      C^^e  Fig.  292),  phosphor-bronze   bands  are  now  used 

y^^'^X.     of  binding-wires. 
. .    '^^    t^lxe  following  table  are  given   the  particulars  of  the 
•       ^'^^S^  adopted  in  some  of  the  smooth-core  drum-armatures 
^^     ^^^dison  standard  bipolar  dynamos. 


of  dynamo  in  kilowatts    ....  1 

■ions  per  minute |  2100 

of  armature  body  (inches)      . .  64 

«r  of  armature  body 8| 

binding  bands  on  body      ....  6 

strands  in  each  band 22 

«f  brass  binding-wire  (B.W.Q.) . .  25 

^f  mica  underlay  0-01  inch  thick  | 

r  of  clamps  (of  copper  sheet,  14 
thick  and  |  to  ^inoh  wide)  on 

band '  2 


10 

1600 

12 

61 

7 

19 

23 

1 

8 


30 

1200 

18 

9 
21 
21 

1 


50 
700 
244 
1218 
18 
18 
19 

4     I 


160 

450 
26| 
28| 
7 

24 
19 

6 


ia^ 


Tiding  Armatures. — Given  a  scheme  of  winding  accord- 

-    any  of  the  modes  discussed  in  Chapter  XII.,  the 

^  ^    ^•'^m  remains  how  to  carry  it  out  in  the  factory.     Bing- 

,         ^V^igs  may  be  considered  first,  then  drum- windings.     A 

^^^3.  distinction  may  be  set  up  between  wire-wound  arma- 

^^^  and  those  with  built-up  windings  consisting  of  bars  and 
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connectors,  or  of  specmlly  constructed  portions  that  ai-e  put 
together  instead  of  being  wound  on.  Wire-wound  armatures 
are  usual  for  outputs  below  100  amperes,  including  all  arc- 
lighting  inacliines.  Single  round  wire,  insulated  with  double 
cotton  covering  soaked  afterwards  with  shellac  varnish,  is 
usually  adopted  for  small  maeliines  and  are-lighting  dynamos. 
Silk-covered  wire  is  mrely  used.  For  small  electroplating 
dynamos  it  is  frequent  to  use  several  round  wires  in  parallel, 
even  to  as  many  as  twenty  or  thirty  sepai-ate  wires  side  by 
side-  Wire-drawers  will  furnish  rectangular  wire  of  any  desired 
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section  ;  but  for  greater  flexibility  in  winding,  a  rectangular 
conductor  made  of  three  or  four  separate  stnps  laid  side  by- 
side  and  then  served  with  a  coating  of  tape  to  hold  them 
together,  is  preferable.  It  has  the  advantage  of  partially 
eliminating  eddy-currents  in  the  conductors  themselves. 

For  armatures  having  outputs  exceeding  200  amperes  bai^ 
armatures  are  prefeiTcd,  owing  to  the  inflexible  nature  of 
wires  that  are  tliick  enough  to  carry  these  currents.  The 
two  classes  comprise  several  varieties  as  under : — 

WiRB-wouND  Armatures. 
Single  round  wire. 
Two  or  more  round  wires  in  paralli 
Stranded  wire. 
6inf;Ie  square  wire. 
Single  rectangular  wire, 
jliaminated  strip  conductor. 


Bar-Aruatcres. 
Round  bars. 

Bectangular  bai«. 
Imbricated  rectangular  etripB. 
RectHiiKuIar  bars  of  compreaaed 

stranded  wire. 
Special  forgiiigs. 
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-For  bar-armatures,  i*ectangular  bara  set  edgeways  to  the 

eoi-e  are  more  frequent  than  round  bars ;  but  armatures  in 

^riiicli  solid  bars  are  set  on  the  outside  of  a  smooth  core  are 

iiable  to  a  serious  waste  of  work  that  does  not  occur  with 

ivii-e— ^vound  armatures.     When  the  conductoi*s  present  a  con- 

Sicloi-;able  breadth,  eddy-currents  are  set  up  in  them  as  they 

6/1  t:^xr    or  leave  the  magnetic  field,  owing  to  the  fact  that  one 

6dgr^    of  tlie  bar  may  be  passing  through  a  field  tlie  density  q\ 

^vtii<3l:i  is  very  different  from  that  of  tlie  field  through  whicb 

th^     otlier  edge  of  the  same   bar  is  passing.      Assuming  a 

P^**ip^heral  speed  of  1700  to  1800  feet  per  second,  it  is  founc 

^   pi^^a^otice  impossible  by  any  shaping  of  the  pole  cornei-s  tc 

aroid    excessive  heating  of  solid  copper  bars  on  the  armatui-e 

if  t:li^i^;*  breadth  exceeds  5  mm.     The  work  wasted  in  produo 

"^S    tli^se  eddy-curi'ents  may  even  reduce  the  efficiency  of  the 

Ayii«.xx^o  by  more  than  5  per  cent.     This  does  not,  however, 

0CCU17    \xi  those  armatures  in  which  the  bai-s  are  sunk  deeply 

oetw^^^^^  teeth,  or  pass  through  holes  in  the  core-disks.     To 

J'edtio^    such  losses,  bars  are  made  of  sevei-al  strips  oxidized  on 

tlie  55\.x:i7.face,  or  lightly  insulated  by  oiling  or  enamelling,  and 

"»Hti  1  :fc  ^  only  at  their  ends,  have  been  used.     Crompton  *  has 

P^opos^s^d  several  modes  of  twisting  or  imbricating  around  one 

T^^^  ^^  ^'  ^^^  ^^  more  strips,  so  as  more  effectually  to  neutralize 

®  ^<A  dj'-currents.     More  recently  he  and  other  makers  have 

use<a.      Xiai-s  made  of  stmnded  copper  wire  compressed  into  a 

I^^^^^^^Sfular  form,  each  wire  being  oxidized  or  sliglitly  insu- 
late <fl  _ 

^    ^  ^t:-     another   mode   of   aiinature   construction,   described 

^  **-*     consists  in  winding  the  insulated  wires  or  strips  upon 

^^^^  i^^l  formers  or  moulds,  in  groups  which  are  afterwards  laid 

^^^*    jiround  the  armature  core.     One  advantage  in  such 

^^*^ods  is  the  greater  ease  of  securing  perfect  insulation 

.     ^^*^en  those   parts  of  the  windings   which  differ  greatly 

^^^^      one   another  in  potential.     In   drum-windings,  if  the 

^*^ ^\  Victore  lie  in  one  layer,  there  is  an  extreme  difference  of 

^^^^tial   between   each  conductor  and  its   next   neighbor 

*  See  Jowmal  Institution  Electrical  Engineers^  xix.  240,  1890. 
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Wheraas  if  they  lie  in  two  layers,  an  intermediate  sheet  of 
insulating  material  can  be  liud  between.  A  two-layer  winding 
is  extremely  convenient  in  drum-armatures,  as  it  facilitates 
connections. 

Wire-wound  armatures  are  usually  well  served  with  sbellao 
varnish  or  india-rubber  solution  after  the  winding  is  completed. 
Tbey  should  be  well  dried  in  a  store  at  Bt«am-heat  after 
varnishing. 

Modet  of  Winding  Ring-Core: — When  a  smooth  ring-core 
is  to  be  wound  it  is  frequent  to  stencil  upon  the  end  faces  a 
number  of   radial  lines  corresponding  in  breadth  to  the 


separate  sections,  so  as  to  guide  the  winder  in  his  work. 
With  toothed  cores  no  such  plan  is  needed. 

Ring'wiuding  is,  in  general,  easy ;  nevertheless  care  must 
be  exercised.  The  separate  "  sections  "  of  tlie  coil  are  almost 
invariably  wound  on  the  cores  sepamtely,  leaving  the  ends 
projecting,  secured  temporarily  with  string,  and  these  ends 
are  subsequently  connected  t<^ther  and  to  the  commutator. 
An  inexperienced  workman  may  easily  connect  up  wrongly ; 
making  a  left-handed  winding  instead  of  a  right-handed  one 
or  vice  versd.  Hence  it  is  well  to  provide  him  with  some  such 
working  drawing  as  Fig.  226,  which  relates  to  a  right-handed 
winding  having  four  turns  in  each  section.  The  wire  marked 
"  o  "  is  the  last  or  outer  end  of  the  section  previous  to  that 
considered.    This  end  will  eventually  be  brought  down  to  a 
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w  a  of  the  commutator,  and  from  this  bar  will  go  out  the 

^ginning  or  left-bottom  end,  marked  L  B,  of  the  section  in 

question.    Looking  at  this  diagram  the  winder  will  see  that 

^iie  wire  L  B  must  pass  under  the  core  to  the  far  end  and 

tiien  return  over  the  top,  thus  making  turn  No.  1.    It  will 

t^eu  bend  down  to  the  right,  be  threaded  through  again,  and 

^ake  turn  No.  2 ;  again,  and  make  turn  No.  8 ;  but  as  the 

inner  space  is  narrower  than  the  outer  space,  turn  No.  4  will 

proba^bly  have  to  ride  on,  or  partly  bed  between,  the  turns 

*lre€i<3y   wound.      The    right-top  end,   marked   R   T,   will 

^v'eixtiuallj'  be  joined  to  bar  h  of  the  commutator.    If  the 

^nd^r  is  shown  that  the  right-top  wire  of  one  section  joins 

^®  l^ft-bottom  turn  of  the  next  section  at  the  commutator, 

«o  vvill  have  no  excuse  for  mistakes.     One  way  of  arranging 

toe   ^^rindings  on  a  ring,  with  two  layers  internally  and  one 

ertox-nally,  is  shown  in  Fig.  227.     The  winding  of  multipolar 

'^'^S^  is  sufficiently  considered  in  the  previous  chapter. 

^c:fcr  arc-lighting  armatures,  and  in  general  those  which 

^^^  numerous  convolutions  of  wire  to  each  section,  it  is  con- 

^^'^i^nt  to  prepare  the  wire  in  separate  lengths  sufficient  for 

cacX:^.  section,  and  to  coil  each  length  on  small  shuttles,  each 

^'^.^g'th  being  wound  upon  two  shuttles  which  are  alternately 

^^<i  for  successive  layers.     By  this  device  both  ends  of  the 

.  ^^^^  that  constitutes  a  section  are  brought  to  the  outside 

J*^^"fc^ad  of  one  of  them  leading  directly  down  to  the  bottom 

^y^^^r,  as  in  ordinary  bobbin  winding. 

or  those  machines  that  only  require  one,  or  two,  complete 

IS  to  each  section,  it  is  common  to  have  the  copper  con- 

tors  prepared   beforehand  upon  separate   formers,   and 

ly  taped  to  be  slipped  on  over  the   cores.     Crompton 

3^^^^:^oduced  the  forms  illustrated  in  Fig.  228,  consisting  of 

^*^^^"  "^n  copper  of  nearly  rectangular  section  twisted  at  the  ends 

^       ^=^  to  pack  closely  in  the  interior  of  the  ring.     These  con- 

^^•"c^tora  are  sprung  on  over  the   ring-core,  and  afterwards 

coupled  up  so  as  to  make  a  continuous  winding. 

n  the  large  multipolar  ring  dynamos  with  internal  field- 

^^^^et  and  external  commutator,  now  so  much  used  for  central 

-tions  in  Germany,  the  windings  are  so  constructed  that 


302  Dynamo-Electric  Machinery. 

their  outei-  part  serves  also  as  commutator,  as  in  Plate  VIII. 
The  armature  consists  of  core-rings  built  up  of  segmental  plates 
shown  in  section  at  i,  Fig.  229,  supported  by  driving-rods  a 
which  pass  through  them.  After  being  covered  with  suitable 
insulation,  the  copper  conductors  c  d  are  slipped  on  over  them 
and  coupled  up  to  make  a  continuous  spiml  winding.  The 
insulation  between  is  usually  a  preparation  of  paper.     The 

r/^  -A    1 

H)  ^! 

Fia.  338.— WiNiintQS  of  Crokfton's  Abkatcses  {1886) 

outer  part  d  of  the  copper  conductor  is  made  both  deep  and 
broad,  and  serves  as  a  commutator  bar.  The  brushes  (not 
shown)  are  Jixed  upon  the  projecting  bar  t,  and  trail  on  the 
outer  periphery  of  the  copper  windings  of  the  ring.  At/  is  a 
lever  for  raising  the  brushes  out  of  contact. 


r 


Dmm-Winding. — Drum^rmatures  of  all  types  may  all  be 
i-egarded  as  modifications  of  Siemens'  well-known  longitudinal 
shuttle-form  armature  of  1856,  a  multiplicity  of  sections  of  the 
coils  being  employed  to  affoi-d  continuity  of  the  curi-ents. 
The  drum  pattern  wiis  invented  in  1872  by  von  Hefner 
Alteneck,  of  the  lii-m  of  Siemens  and  Halske,  of  Berlin.  In 
this  system,  as  in  the  Gramme  Hug,  tlie  successive  "  sections  " 
or  groups  of  coils  that  are  wound  on  the  core,  ai-e  coiniecled 
together   continuously,   the   end   of   one    section    and    the 


/ 
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ieg'ixming  of  the  next  being  both  united  to  one  segment  of  the 

CDiii  r:imtator.     It  is  important  to  note  a  difference  between 

.  ivxjL  ]r  i  1  and  ring-winding.     In  a  ring-winding  the  volts  induced 

^'1     *^^iy  one  section  (at  a  given  speed)  depend   only  on  the 

ffia^gf  maetic  field  at  one  side  of  the  armature  ;  but  in  a  drum- 

H'iiic^Xiiig  the  volts  induced  in  any  one  section  depend  on  the 

^^*''c>     :m  magnetic  fields  at  the  two  sides,  since  each  winding  wraps 

0^"^^*     the  drum  nearly  diametrically.     Asa  result,  drum-wound 

^i**^i  i^.  tares  are  less  liable  to  spar^,  and   they  suffer  less  than 

niigr- — -wound  annatures  from  inductive  reactions. 

T^  1  je  advantages  of  the  drum  form  of  armature  appear  to 

"^    C   1.)  that  they  require  less  wire  than  the  ring-armature  of 

^l^^^^-l  size;  (2)  are  free  from   liability   to  false  inductions 

^-       C58),  and  therefore  more  independent  of  the  form  of  the 

^^  ^  ^^ — pieces  ;    (3)   have   smaller  cross-magnetizing  tendency 

tn  ^^%.  :m  ^      ring-armatures.      Their   disadvantages    hitherto   have 

:    (1)  greater   difficulty  of  construction  ;    (2)  greater 
ulty  of  securing  proper  insulation  on  account  of  over 
X^ping  of  end  conductors ;  (3)  greater  difficulty  of  ventila- 
;  (4)  greater  difficulty  of  executing  repaii-s. 
emeyis*    Winding. — In   some    of   the    earlier  patterns  of 
ens'  machines  tlie  cores  of  the  drum  were  of  wood,  over- 
with  iron  wire  circumferentially  before  receiving  the 
itudinal  winding.     In  anotlier  of  their  machines  there 
a  stationary  iron  core,  outside  which  the  hollow  drum 
Ived;  in  other  machines,  again,  there  was  no  iron  in  the 
«xture  beyond  the  driving-spihdle.     The  process  of  con- 
citing  the  armature  employed  down  to  the  year  1885  is 
i  trated  in  Fig.  230 ;  there  being  two  laj'era  of  coils  all  over 
'    clrura.  Although,  for  the  sake  of  rendering  the  coiniections 
^"^  intelligible,  the  commutator  is  shown  in  Fig.  230  in  its 

pis 

^      "xvires  being  temporarily  twisted  together  until  all  can  be 
^^^red  to  the  connecting  strips  of  copper. 

^D  far  all  is  simple,  but  when  we  pass  on  to  the  construction 
^r-armatures,  new  complications  arise, 
o  connect  the  conductors  of  a  bar-ai-mature  across  the 
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^  on  the  axle,  it  is  not,  as  a  matter  of  fact,  put  into  its 
^  until  after  all  the  sections  have  been  wound,  the  end  of 
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ends  of  a  drain  is  not  so  simple  a  matter  as  might  at  fiist 
appear.  Suppose  that  a  scheme  of  connections  has  all  heen 
votked  out  beforehand  and  that  a  winding-table  has  been  . 


Yvi.  380.— MEraoD  OP  Wnmnra  StEHEiiB'  Abmatcrb. 

prepared  in  which  the  order  of- the  end-connections  is  set 
down.    It  yet  remains  to  determine  the  mechanical  devices 
for    the    end-connectors  which   shall  be   compatible  with 
working  conditions.      The  end- 
connectoi'8    must   be    good   con- 
ductoiB,  sufficiently  well  insulat- 
ed from  one  another,  allowing  of 
repairs  and  ventilation,  and  me- 
chanically sound.     Wire-wound 
drums  often  present  an  ugly  ovei^ 
wrapping  at  the  ends,  which  stops 
ventilation   and  hinders   repairs. 
Quite     early,    Messrs.     Siemens 
devised,  for  their  electroplating 
Bab-Aru&tukk.  machines,  a  system  of  uniting  by 

spiral  connectors  (Fig.  231)  the 
ends  of  the  copper  bars.  To  connect  any  bar  with  that 
lying  next  to  the  one  diametrically  opposite,  two  evolute 
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Id  the  Hopkinson  annatores  built  by  Mather  and  Piatt, 
a  return  was  made  to  the  system  of  evolute  conductois.  The 
construction,  as  carried  out  for  a  machine  in  which  there  is 
one  convolution  in  each  section  of  the  winding  is  indicated  in 
Kg.  284. 


Flo.  288.— AniCATDSB  OF  Edsoh  DniAica 

The  core,  which  is  built  against  a  shoulder  on  the  shaft, 
consists  of  numerous  disks  of  thin  iron,  but  with  a  few  thicker 
core-disks  <?,  d,  intei-posed  at  the  ends  and  at  intervals  between. 
These  are  clamped  up  by  nuts  at  the  end  near  the  commutator 
C     The  conductors  of  copper  are  provided  with  driviug  lags 


Fig.  234.— Section  op  Hopkinson'b  DRim-ARMATURE. 

e, «,  .which,  properly  insulated,  project  into  notches  cut  in  the 
thick  core  disk.  The  systems  of  spiral  connectora  ai-e  shown 
in  section  at  q  q.  At  the  commutator  end  they  join  the  con- 
ductors down  to  a  set  of  copper  pieces  n,  which  run  to  the 
corresponding  bare  of  the  commutator.     At  the  other  end 


Practical  Construction  of  Armatures.        307 


^/^esj^ii^ls  are  insei-ted  into  a  set  of  copper  pieces  h  assembled 

**^^[incl     a  wooden  hub  A  by  which  they  are  driven,  l)eing 

•'»'C7ev*r^icfl  in  through  end  lugs.     For  amiatures  in  which  each 

secti  o  ri.    consists  of  two  convolutions,  it  is  necessary  to  pi*ovide 

/oor    Is^m^^'ei-s  of  spiral  connectors  at  each  end. 

ili^MB^'^  successive  modes  of   drum    connection    have   been 
triei 
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Mr.  Crompton.     In  conjunction  with  Mr.  Swinburne 
Lsed  a  method  of  connecting  the  conductoi's  of  a  drum- 
:«'e   which   enables    the    core    to   be    ventilated.     The 
ental  point  in  this  construction  wjis  illustrated  in  the 
edition  of  this  work,   and  consisted  in  the    use    of 
ends  to  the  bai-s,  together  with   spiral  e volute  con- 
to  join   across   diametei*s   at   the  ends.     The  same 
of  connecting  was  applied  to  Swinburne's  plan  of 
inding  (p.  246). 

difficulty  of  getting  at  the  inner  spimls  when  they  are 
d  in  two  layers  led  to  another  suggestion  by  Crompton 
rle,  namely,  turn  the  spiral  connectors  outward  instead 
ard,  at  the  ends  of  the  drum,  which  thus  becomes 
id  in  diameter. 

recent  modes  used  by  Crompton  for  drum-armatures 

tched  in  Figs.  235  and  236. 

**^     "tlie  fii-st  of  these,  which  is  for  a  2-pole  dynamo,  the 

spu-^X    connectors,  stamped  out  of  sheet  copper,  are  driven  by 

™^^*^^^riical  attachment  to  a  clamping  sleeve  keyed  to  the  shaft. 

t  h^  second,  which  is  for  a  4-pole  machine,  the  spii-al  con- 

nec  tox-s,  being  shorter,  do  not  require  to  be  similarly  tongued. 

^   o conductors  or  armature  bars  are  made  of  stranded  wire 

^^^^P^^essed  to  rectangular  section. 

^!^  ^^cent  armature  built  by  the  Oerlikon  Company  is  shown 

m  *?  ^g-,  237.     It  belongs  to  the  60-kilowatt  machine  described 

ow  \>.  415,  and  is  a  good  example  of  a  4-pole  drum  with  evolute 

^^^^^otors.      The   core-disks   have   straight    teeth    between 

^  ^^^Vi  the  conductors  lie  in  pairs  side  by  side. 

'^    ^lethod   based   on  that  of  Paris  and  Scott  is  used  by 

Pp  loth  for  bipolar  and  multipolar  drums.     The  connectoi*s 

*^|^  ^tumped  out  from  thin  sheet  copper  in  the  form  of  semi- 

c'ivci\\^j.  ^^  quadrantal  arcs,  provided  with  lugs  (as  shown  on 
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Plate  II.  Fig.  2)  which  can  be  bent,  one  forward,  one  back- 
traid,  thus  enabling  connections  to  be  made  by  a  whole  series 
of  such  conaectoTS  arranged  skew-wise,  with  suitable  insulatloa 


FiQ,  237.— 4-POLK  DKOx-ARHA-nntK  OF  Oehukon  Ca 

between,  in  a  carriage  or  bobbin  mounted  on  the  shaft.  The 
connectors  are  nssenibled  together  to  tlie  proper  number,  and 
^eld   in  with  binding  wires  in  the  channel  of  this  carriage, 


Fin.  288.— SEPAKA.TK  Skctiox  of  Eickemeyul's  Abmatube. 

^^^*-*2h  is  then  put  in  place,  and  the  lugs  are  soldered  into 
jL^T^^^Tes  cut  in  the  ends  of  the  armature  conductors,  which  for 


^^^ 


best  way  to  understand  this  metiicd  is  to  make  a  few 
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model  connectora  in  paper  or  ctii'dboard,  and  lay  tliein  over 
one  another, 

Eickemeyei's  methods  of  construction,  whicli  have  beea 
lai^ely  used  in  the  States,  and  also  in  England  by  Mi.  Parker, 
are  distinctive  in  that  the  individual "  sectiotis  "  of  the  winding, 
whether  consisting  of  one  single  turn,  or  of  a  large  number  of 
turns  of  small  wire,  is  fii-st  shaped  upon  a  separate  former,  and 
each  such  section  is  separately  insulated.  Aflerwaitls  tlie 
sections  are  assembled  in  their  places  upon  the  core  of  the 
drum.  Fig.  238  showsonecf  the  forms  given  to  the  sections. 
The  lower  jiart  will  form  part  of  an  iimer  layer,  and  the  upper 
part,  which  is  longer,  will  form  part  of  an  outer  layer  in  the 


Ra.  339.— Eickembyer'9  Armatuhk,  Couplets. 

rtsaembled  windings.  The  completed  armature,  with  ita 
binding  wires,  is  shown  in  Fig.  239. 

Tlie  cylindrical  pattern  of  drum-armaturo  adopted  by 
Brown  is  sliown  in  Fig.  240,  and  in  detsiU  in  Plate  VII. 

The  conductors  (in  holes  through  the  core  disks)  lie  in  two 
layers,  and  the  end-connections  are  made  without  e\-olute8  or 
any  other  parts  that  would  cover  up  the  end-faces  of  the 
drum.  Tlie  conductors  being  extended  and  bent,  the  outer 
layer  to  left,  tlie  inner  to  right,  thus  continue  the  cylindrical 
surface,  which  projects  at  both  ends  beyond  the  core.  It  has 
the  advantage  of  agood  ventilation  and  accessibility.  In  Plate 
Vir.  it  will  be  seen  tliat  these  projecting  cylindrical  ends  are 
supported  by  an  internal  flange  attached  to  the  stout  end 
coi-e-plates.  This  mode  of  connection  lias  been  used  by  Brown 
since  the  beginning  of  1892  foi'  drums,  and  is  also  adopted  for 
sunk    windings   in  alternate-current  generators  and  in  the 
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'ofatin^  parts  of  all  alternate-current  motors,  both  single  and 
poJ^faase,  that  have  windings  upon  tbero.  It  has  atnce  been 
*<'opted  by  both  the  Weetinghouse  Co.  and  by  the  General 
^lectrio  Co.    The  Allgemeiae  Co.,  of  Berlin,  uses  a  somewhak 


'***-    340— CnjKDBiCAi.  Wouiro  Drdm-Arxaturs  (4-pole)  (BsownX 

"""iJai-  jilan  of  end-connectiona,  but  the  sunk  conductors  lie  ia 

^^^^^ronly.     A  very  flimilar  mode  of  winding  was  patented 

/  .r^**»l-  0.  A.  Parsons.     But  the  arrangement  with  one  layer 

I*      «onvenient  as  it  requires  that  alternate  conductors 

,      **    ~fcend  under  the  others,  since  there  must  be  two  layers 

****».«otiiig-piece8  sloping  in  opposite  ways. 
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CHAPTER  XIV. 

COMMUTATORS,   BRUSHES   AND  BRUSH-HOLDERS* 

Dynamos  for  furnishing  continuous  cuiTcnts  require  a 
commutator  (sometimes  called  a  collector)  arid  brushes  to  col- 
lect the  current.  The  essential  action  of  these  organs  has 
been  already  described  (see  pp.  78  and  80)  ;  and  the  causes 
that  give  rise  to  sparks  are  discussed  in  Chapter  IV.,  p.  81» 
and  in  Chapter  XVI.  We  have  now  to  consider  the  design 
and  construction  of  these  organs. 

We  may  distinguish  three  types  of  apparatus  for  collecting 
the  currents  from  dynamo  machines. 

I.  Continuous-current  dynamos  with  closed  coil  armatures 
as  used  for  incandescent  lighting  and  other  work  requiring  a 
constant  or  nearly  constant  potential,  are  furnished  with  a 
commutator  of  the  Pacinotti  type,  that  is  to  say,  consisting  of 
a  considerable  number  of  parallel  bars  secured  around  an 
insulating  hub,  and  presenting  a  cylindrical  surface,  against 
which  press  a  pair  (or  in  some  cases  more  than  one  pair)  of 
brushes  or  sets  of  brushes. 

II.  Continuous-current  dynamos  of  the  open  coil  type,  as 
used  for  arc  lighting,  and  giving  a  constant  or  nearly  constant 
current,  are  provided  with  a  commutator  consisting  of  a  com- 
paratively small  number  of  segments,  each  covering  a  con- 
siderable angle,  and  separated  by  air-gaps  from  one  another. 
These  are  described  in  Chapter  XVIII. 

III.  Alternators  witli  revolving  ainnatures  need  a  pair  of 
collecting  rings  of  metal,  each  provided  with  one  or  more 
brushes,  or  some  analogous  device  to  form  a  sliding  connection 
with  the  circuit.  Alternators  with  revolving  field-magnets  of 
which  the  winding  also  revolves,  need  a  sjmilar  device  to  con- 
vey the  exciting  current  to  the  moving  coils.  These  devices  are 


f 


CommutatorSy  Brushes  attU  Brush-holders.    313 


considered  at  the  end  of  the  present  chapter,  which  is  in  the 
f^Hin    devoted  to  apparatus  of  the  fii*st  of  the  three  classes 
ewurnoi-ated. 

C^4^99^mutator    Bars. — The    number  of    bars   of   the   com- 
^ut^i^t^or    depends   on    the   scheme  of  winding  and  on    the 
r  of  sections  in  which  the  armature  winding  is  grouped, 
ing  the  number  of  bars  diminishes  the  tendency  to 
(p.  83)  ;  and  lessens  the  fluctuations  of  the  current 
S).     An  even  number  of  bars  is  prefemble  to  an  odd 
r ;  and  for  ring-wound  armatures  the  cores  of  which 
mjally  caiTied  on  three-armed  spiders,  it  is  preferable  that 
mber  of  bare  should  be  r  multiple  of  three.    There  are, 
«r,  two  practical  reasons  against  making  the  number  of 
ery  great.     Increasing  the  number  increases  the  cost. 
^  in  large  machines  having  but  one  turn  of  the  arma- 
inding  from  each  bar  of  the  armature  to  the  next,  the 
r  cannot  be  greatly  increased  without  exceeding  the 
^^e  desired.     For  example,  in  a  bipolar  Edison-Hopkinson 
>ie  for  an  output  of  1100  amperes  at  105  volts,  only  43 
Tutions  are  required.     On  the  other  hand,  it  is  found  for 
,    '      *^       dynamos,  that  if  the  number  of  bai-s  is  increased,  each 
conies  so  thin  that  a  brush  of  the  proper  thickness  to 
%  the  current  would  bridge  more  than  two  commutator 
^t  once      Again  the  bars  should  be  of  a  length  pro- 
ned  to  the  number  of  amperes  that  is  to  be  taken  off 
m.     Modern  practice  varies  somewhat,  but  it  may  be 
represented  by  some  such  figure  as  1*2  inches  for  every 
^iperes.     The  mode  of  attachment  of  the  kii-s  should  be 
as  to  make  the  greatest  amount  of  length  available, 
should  also  be  of  considerable  radial  depth,  to  allow  for 
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.    ^       ^   as  the  commutator  needs  to  be  turned  down  from  time 
to  "I^J  ,^^ 

,j    *Xie  to  preserve  cylindricity.     As  for  the  material,  most 

^  ^Ts  use  hard-dmwn  copper,  made  in  long  lengths  of  the 

i     i^^r  section,  and  cut  off  to  the  length  required.     Some 

1      ^^^"ican   makei*s  use  drop-forgings  of  copper,  stamped  to 

.    l-*^  with   projections   for  clamping  and  connecting  to  the 

^ings.     Commutators   to  be   used  with   carbon  brushes 

^^   to  be  made  from  1|  to  2  times  as  large  as  they  need  be 
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if  copper  brushes  are  used,  for  the  carbon  brushes  require  to 
touch  over  a  larger  amount  of  surface  (for  the  same  current), 
but  ought  not,  except  in  the  special  cases  of  duplex  and  tri- 
plex armatures  (p.  272),  to  touch  more  than  two  commutator 
segments  at  one  time. 

Insulation, — It  is  needful  to  have  a  good  insulation 
between  each  bar  and  its  neighbours,  and  a  specially  good 
insulation  between  the  bars  and  the  sleeve  or  hub  around 
which  they  are  mounted,  and  also  between  the  bare  and  the 
clamping  devices   that  hold   them;    for  the   difference   of 


V_J 

'^^ 

f^te^MV 

^ 

^^SSSs^^^^ 

g 


iV*  241.— Section  op  Commutator  (Paterson  and  Cooper). 


potenti'^l  is  small  between  neighboring  bars,  and  much 
larger  between  the  bars  and  other  metal-work.  The 
insulating  material  must'  not  absorb  oil  or  moisture :  hence 
asbestos  and  plaster  are  inadmissible.  Vulcanized  fibre  and 
Willesden  paper  are  not  by  themselves  adequate,  though 
mechanically  strong,  as  they  are  both  liable  to  absorb  moisture. 
Mica  is  the  one  satisfactory  material  used  by  English  and 
American  makers ;  but  in  Germany  a  preparation  of  paper 
is  frequently  substituted.  Washers  of  conical  form  are  some- 
times built  up  of  thin  pieces  of  mica  held  together  by  shellac 
and  consolidated  while  hot  under  great  pressure.     Between 
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^e   bars    mica  may  be   used  very   thin   with  advantage. 

^^mnx  utators  with  air-gaps  between  the  bara  have  been  used. 

^^t  w^ith  air-insulation  there  is  some  trouble  in  keeping  the 

S^P^  f  i-ora  being  filled  by  metallic  dust  from  the  wearing  of 

^e  briijjhes. 

^<^^nr^truction  of  Commutators. — In  the  construction  shown 
m  r  i^^r-^    241,  the  bars  are  clamped  in  place  by  fitting  at  one 
t:-o  a  groove  in  a  gun-metal  sleeve,  and  at  the  other  by 
rnal  clamping  ring  which  is  forced  over  their  bevelled 
a  large  screw-washer.     The  insulation  is  carried  out 
slips  of  mica  between  the  bars,  and  layers  of  mica  and 
zed  fibre  around  the  sleeve  and  clamping  surfaces, 
mpiing  ring  in  this  case  reduces  the  available  surface 
brushes. 

e  Giilcher  Co.^s  machines  a  construction  is  adopted 
is  illustrated  by  Figs.  242  and  243,  and  of  which  a 
is  given  in  Fig.  244.     The  drawings  relate  to  a  four- 
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pole   rti^^chine  with  only  two  sets  of  collecting  brushes.    Here 


^     't'Y^e   bars  of  the  commutator  are   assembled   around  a 

e^\r^    lixed  on  the  shaft,  but  are  so  arranged  that  their  whole 

.  ^S'^Vx    is  available  for  contact  with  the  brushes  ;  being  held 

^  P^^>^i  tion  at  their  ends,  with  insulation  between  the  V-shaped 

^^^^    in  the  bars  and  the  clamping  pieces  which  enter  them. 

v^ery  similar  arrangement  obtains  in  Kapp's  dynamo 

^,  Plate  II.)?  in  which  the  clamping  nicks  in  the  ends 

'    bars  are  made  deep ;  the  end  insulation  being  effected 

^  5*^^^®  rings  of  vulcanized  fibre,  one  flat,  the  other  two 

'^^^^l,  which  fit  into  the  ends  of  the  assembled  bars.     It  is 

^  ^   t^liat  a  sufficient  length  of  insulating  surface  should  exist 

...  ^^^^n  the  bars  and  the  metal  mountings,  for  there  is  less 

^^^Ixood  of  a  fault  occurring  if  the  possible  leakage-path 

^  "^Vie  surface  is  a  long  path,  than  if  it  is  short. 

^    V>uilding  commutators  it  is  usual  to  assemble  the  bars 

,    ^^    proper  number,  with  the  interposed  pieces  of  mica, 

.   ^E^ing  them  temporarily  around  the  outside  with  a  strong 

,        ^^Xamp,  or  forcing  them  into  an  external  steel  ring  by 

J   ^"^-xalio  pressure.     They  are  then  put  into  the  lath  and  the 

^^c^r  cylindrical  surface  is  bored  out.     Then  the  ends  ai*© 
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Btray  magnetic  field,  ia  consequently  i-acked  towai-d  one 
Bide.  Before  this  wa»  uuderatood  it  gave  lise  to  frequent 
accidents. 

In  some  large  recent  machines  there  is  no  separate  com- 
mutator ;  tlie  biiishes  t  mi  ling  against  some  part  of  the  copper 
conductors  of  tlie  armature  winding  themselves.  This  is  the 
case  with  the  gi'eat  Siemens  dynamos  at  Berlin  (Plate  VIII., 
and  Fig.  229,  p.  302). 


Fio.  246'— Attachment  of 
Radiai.  Coknbctok. 

Brvxhet. — The  kind  of  brush  most  frequently  used  for 
receiving  the  currents  from  the  collector,  consists  of  woven 
copper  wire  gauze  folded  on  itself  and  compressed  as  shown 
in  Fig.  247,  e.  It  was  inti-odnced  about  twelve  years  ago 
by  Mr.  A.  P.  Trotter.  In  order  to  prevent  fraying  at  the  edge 
it  is  usual  to  fold  the  gauze  obliquely,  as  in  Fig.  247,  /. 
Sometimes  the  core  of  this  gauze  is  made  of  exceedingly  fine 
copper  wires  either  stmiglit  or  in  soft  plaited  strands.  The 
earliest  sort  of  brush  used  consisted  of  a  quantity  of  straight 
copper  wires  laid  side  by  side,  soldered  together  at  one  end, 
and  held  in  a  suitable  clamp.  Two  layers  of  wires  were  often 
thus  united  in  a  single  brush,  as  shown  in  Fig.  247  a.  The 
object  of  all  these  devices  was  to  secure  a  contact  at  a  large 
number  of  points. 

Brushes  are  also  made  of  broad  strips  of  springy  copper 
slit  for  a  short  distance  so  as  to  touch  at  several  points 
Fig.  247,  h.  Such  are  used  in  the  Brush  and  Thomson-Houston 
arc-light  dynamos.  This  kind  of  brush  is  usually  set  tan- 
gentially  to  the  surface  of  the  commutator,  not  sloping  to  it  at 
on  angle  as  is  the  case  with  tlie  thicker  kinds  of  brushes. 
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It  is  usual,  for  all  but  tbe  very  smallest  machines,  to  place 
atleasttwo  brushes  side  by  side  (asiu  Fig.  250,  p.  323),  instead 
of  one  broad  brush.  This  allows  of  eitlier  brusli  being  removed 
for  trimming  and  i-eplaced  while  tlie  niiicliiiie  is  ruimiiig.  It 
also  tends  to  equalize  the  wear  of  the  commutator,  each 
brush  being  separately  pressed  against  tlie  surface  ;  and  the  gap 
between  two  brushes  can  be  covered  by  a  brush  at  tbe  other  side. 
No  rule  can  be  given  for  the  number  or  breadth  of  brushes 
that  will  apply  to  all  cases.  Some  makers  reckon  an  additional 
inch  breadth  of  brush  from  each  hundred  amperes  of  output. 
Nor  is  it  easy  to  give  a  general  rule  for  the  thickness  of  brushes. 
A  thickness  that  will  bridge 
the  film  of  insulation  between 
bar  and  bar  is  not  sufficient, 
for  eacli  section  of  the  winding 
requires  to  be  short-circuited 
for  a  certain  brief  time,  in 
order  that  the  current  in  it  may 
be  reversed.  The  minimum 
tliickness  of  brush  (or  breadth 
of  iUj  oblique  end)  seems  to 
be  about  1^  times  tlie  thick- 
ness of  tbe  commutator  bar. 
There  is  no  objection  to  a 
greater  thickness  in  those 
dynamos  that  have  a  large 
neutral  zone  about  the  neutral 
point ;  or  in  wliich  the  curve  of  induction  (Fig.  66,  p.  78)  has 
a  bi'oad  flat  top.  But  when  a  brush  of  great  thickness  is  used 
anotlier  effect  arises,  namely,  a  waste  in  lieating  owing  tothe 
difference  of  potential  between  the  parts  of  the  commutator 
respectively  in  contact  with  the  advance  edge  and  hinder  edge 
of  the  brush.  To  reduce  this  effect  it  has  been  proposed  to 
use  two  thin  brushes,  one  in  front  of  tbe  other,  instead  of 
a  single  thick  one,  with  a  certain  amount  of  resistance 
between  them. 

For  armatures  with  duplex  and  triplex  windings  (p.  272) 
broader  brushes  must  necessarily  be  used. 
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The    aiigle  at  which  brushes  are   set  to  bear   upon   the 

coniututator  vaiies  with  the  construction.     As  a  rule  the 

bi-iish  is  set  sloping  at  an  angle,  the  tip  of  the  brush  being 

raked  in  the  diiection  of  the  rotation,  so  tliat  it  may  not  trip 

on  the  «dges  of  the  commutator-bars.     In  Fig.  248,  a,  is  shown 

the  ca^e  of  a  brush  such  as  Fig.  247,  (,  set  tangentially,  as  in 

»'"c-lig-lit   machines.     In  Fig.  248,  &,  is  a  thick  brush  with 

^^J^velled  end  set  at  about  45°,  as  in  most  comtant-voltage 

Avnsirj-ios.     Fig.  248,  c,  shows  a  form  of  brush  devised  by 

Holi-oyd  Smith  for  use  in  motors,  permitting  of  reversal  of 


Fio.  349.— Carbom  Bbush-holdkb  (Sheu.). 

,  ^^*^"tion.  Blocks  of  copper  or  gun-metal  are  attached  to 
,  ^  *'~as  furnished  with  rubber  bands  to  afford  contact-pressure. 
'"^  i  g.  248,  A,  is  shown  a  carbon  brush  also  adapted  for  use  in 
,  ,  ^  *~sing  motois ;  the  brush,  a  rectangular  block  of  cqrbon, 
**^5  pressed  radially  through  a  metal  slide  against  the 
•^^^inutator. 

*~*    many  cases  wliere  cai-hon  brushes  are  used  they  are  set 
*"**.lte  in  a  direction  opposite  to  the  rotation,  so  that  the  end- 
^^^^'^ure  may  be  greater  when  running.     Fig.  249  illnstralea 
^-*"bon  brush-bolder  for  use  in  mining  motors. 
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Bruthr\older»  and  Rode»r». — The  mechanism  for  holding 
the  brushes  must  fulfill  the  following  conditions  : — 

(1.)  The  brashes  must  be  held  firmly,  and  joined  with  a 

good  metallic  contact  to  their  circuit. 
(2.)  Brush-holders  must  permit  brushes  to  be  withdrawn 

or  fed  forward  as  required. 
(8.)  Brushes  must  be  held  to  make  contact  at  proper 

angle  to  the  surface  of  the  commutator. 
(4.)  Brushes  must  bear  with  proper  pressure  upon  the 
commutator  j  if  too  light,  they  will  jump  and  spark  j  if 
too  heavy  they  will  cut  the  commutator  into  ruts. 
(5.)  Brush-holders  must  permit  brushes  to  be  raised  from 

contact. 
(6.)  They  must  also  permit,  by   a   proper  mechanical 
catch,  of  the  brushes  being  held  raised  out  of  contact. 
'    (7.)  InBulatedhandlesshoaldbeprovidedfornll dynamos 
working  above  100  volts,  so  that  the  brushes  may  be 
raised  and  adjusted  without  risk  of  shocks. 
(8.)  The  insulation  of  the  brush,  or  of  brush  and  brush- 
holder  t<^ether,  must  be  very  thorough, 
A  characteristic  example  of  brush-holders  is  afforded  by 
those  of  the  Giilcher  Company's  machine.     This  is  a  4-pole 
machine   (cross-connected),  and  therefore  the  two  brushes 
must  make  contact  at  two  points  90°  apart.     A  kindred  ex- 
ample, designed  by  Mr.  Mountain  for  the  "  Tyne  "  dynamo,  is 
given  in  Fig.  250,  which  also  shows  the  construction  of  the 
commutator  and  the  rocker.     The  rocker  R  consists  of  an  iron 
ring  in  two  parts,  which  is  clamped  together  by  bolts  upon 
a  raised  rim  on  the  bearing,     To  this  ixicker  are  attached  a 
handle  H  for  shifting  it  so  as  to  bring  the  brushes  to  the  neutral 
point,  and  a  couple  of  projecting  lugs  L  (one  only  shown)  to 
carry  the  brush-holder  rods  M.     The  latter  are  mechanically 
secured  to  the  rocker  lugs  by  screw  nuts  which  hold  them 
tightly  :but  they  are  electrically  kept  from  making  contact  with 
the  rocker  by  the  iut«rposition  of  an  insulating  bush  and 
washers  of  ebonite.     Upon  the  rods  M  are  placed  the  brush- 
holders  A  which  can  turn  hinge-wise  upon  them.  Between  the 
hinges  of  A  is  fixed,  by  a  screw  F,  a  middle  piece  D  with  a 
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projecting  tail.  The  Wosti  B  passes  through  a  Bl6t  in  A,  being 
cJamped  by  a  Bcrev  C.  The  current  is  brought  to  the  brush- 
iioldere  by  flexible  conductors,  which  are  soldered  into  sockets 
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provided  for  the  purpose.  The  brush  is  pressed  forward  by  a 
compressed  spiral  spring,  the  force  of  which  can  be  I'egulated 
by  a  screw  through  the  projecting  tail  of  D  ;  whilst  it  can  be 
held  off  by  means  of  the  catch  K,  which  can  be  pulled  back 
and  slipped  into  a  cleft  on  the  end  of  D.  In  Fig.  243,  p.  316, 
which  depicts  the  similar  mechanism  of  the  Gulcher  dynamo, 
one  of  the  hold-off  catches  is  caught  in  the  cleft. 

The  rocker  and  brush  holders  of  the  Kapp  2-iK)le  dynamo 
are  shown  in  detail  in  Plate  III.    Here  the  mode  of  insulating 
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Fio.  S51.— Insulated  Brush^roldbb  Rod  (Barley  and 

Stevenson). 

is  the  same,  but  the  current  is  led  into  a  thick  washer  G ;  the 
contract-pressure  is  produced  by  an  extended  spiral  spring 
stretched  between  a  lug  on  the  holder  A  and  the  fixed  tail  D ; 
and  the  hold-off  catch  K  is  constituted  by  a  straight  spring 
which  engages  in  a  notch  on  the  comer  of  A  and  is  released 
by  pressing  up  the  piece  Q,  which  is  made  of  hard  fibre.  P  is 
a  pointer  for  setting  the  brushes  to  the  right  position  in  the 
holder. 

A  defect  in  the  method  of  insulating  by  means  of  a  bush 
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u/«>ii  the  briish-lioliler  rod,  is  its  liability  to  permit  tlie  rod  t« 
("m.  A  more  solid  construction  is  tliatof  Fig.  251,  in  which 
I'le  flattened  end  of  the  holder-rod  H  is  chtniped  to  oa 
«j:paiiciion  of  the  rocker  U  by  means  of  two  conicnl  bolts  A  ; 
iiisuIsLtion  being  secured  by  an  iiiterpo&ed  layer  L,  and  two 
coiiic:sil  bushes  C  of  ebonite  or  fibre. 

A  n     escelient   form   of  brush-holder,  which   permits   the 

bmalies  to  be  fed  forward  longitudinally  by  a  screw  motion 

as  re<i  vired,  has  been  devised  by  Messrs.  Goolden  &  Co.,  and 

bas  A    «am-motion  for  holding  off. 

Vtfci-ious  inventors  have  tried  to  simplify  the  construction ; 
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Fio.  263.— Siemens  and  H&lske'b  Brubh-holdul 


'"ncnTjggd  them.  Parsons  has  proposed  to  substitute  weights 

*"  ^J)rings  to  give  the  requisite  pressure. 

"'»-     very  simple  and  effective  form  of  brush-holder,  intro- 

''^i^i  by  Siemens  and   Halske,  is  used  largely  in  Germany. 

*'liis  form.  Fig.  2.52,  the  clump  which  holds  the  brush  is 

On  the  end  of  a  curved  support  made  of  several  thick- 

^^  ^  of  springy  sheet  brass.     This  is  simply  clamped  to  tlie 

,  ,  *^  «r-rod  by  a  clump  screw  which  admits  of  the  holder  being 

,      *  '*:rfd  along  the  rod,  or  of  being  tumed  to  give  greater  or 

'^     pressure.     The  tool  is  used  for  any  of  the  required  adjiist> 

,     *■*  ts.     These  brushes  are  used  with  the  hiiye  multipolar 

^^*  »nnos,  such  ns  that  figured  in  Plate  Vlll.,  in  which  the 

nd  figure  sliows  the  star-shaped  rocker  which  carries  the 


^'■»-»**Wioldere. 
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Bbubhes  and  Coixectors  fob  Altebnatobs. 

Alternntors  have  no  commutator,  but  they  usually  need 
a  pair  o£  sliding  contocta  to  convey  the  currenta  to  and  froni 
the  rotating  part.  The  usual  device  is  a  pair  of  contact  rings 
of  copper  or  gun-metal  mounted  on  insulating  hubs  on  the 
shaft,  with  one  or  more  brushes  to  press  on  each  contact-ring. 
In  those  alternators  in  which  the  revolving  part  is  the  arnia* 
ture,  great  care  must  be  taken  to  insulate  well  the  two  rings 
from  each  other,  and  from  the  shaft.  A  deep  projecting 
rim  of  ebonite  should  be  provided  between  the  two  rings  if 
they  are  situated  on  the  same  side  of  the  machine,  as  in 
the  Westinghouse  alternator,  Fig.  377,  or  the  Hopkinson 
alternator,  Fig.  411.  In  some  alternators,  the  contact  rings 
are  on  opposite  sides  of  the  armature,  bo  that  not  only  is 
high  insulation  easy,  but  the  risk  of  accidental  shock  is 
lessened.  Two  brushes  are  usually  applied  to  each  ring,  so  as 
to  admit  of  replacement  while  running. 

In  those  alternators  in  which  the  revolving  part  is  the 
field-magnet,  contact  rings  and  brushes  are  needed  to  bring 
in  the  exciting  current.  But,  as  the  current  is  small  and  at 
low  voltage,  the  collecting  arrangements  are  simple  and  need 
no  special  care  in  insulation.  In  the  slow-speed  3-phase 
•Itemators  designed  by  Bi^wn,  Fig.  421,  the  exciting  current 
is  conveyed  in  through  two  belts  of  flexible  stranded  wire 
running  over  gun-metal  pulleys. 
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CHAPTER  XV. 

hbo:eanical  points  in  design  and  construction. 

'^  C^liapter  XIII.  are  considered  the  mechftnical  modes  of 
^''''Stti  i  tting  the  power  from  the  shaft  to  the  armftture  con- 
ductor^ and  viet  vtrt&.    The  desigu  of  dynamo  shafts,  journals, 
***'^'*g^,  pedestals  and  pulleys  is  a  matter  equally  requiring 
a  RQoxvledge  of  mechanical  principles  and  piiictice.     Such 
standjfcx-j  vrorks  as  Unwin's  MacMne  Detign  should  be  followed. 
Wevertfceless  there  are  some  points  in  which  the  ordinary 
etigiti^^plj,g  rules  cease  to  be  entirely  applicable ;  and  it  ia 
"****ise  of  this  cireumstance  that  it  seems  desirable  to  give 
^  ^Information  embodied  in  the  present  chapter. 
*^^e«»«r«    on    BearingB. — In    addition    to    the    oi-dinary 
"^^^"Utes  on  bearings,  due  to  weight  of  the  shaft  and  its 
.  ^f^^ltnents,  and  to  the  lateral  drag  of  the  driving-belt,  there 
*^**-  dynamo-machines  a  third   cause   producing   pressure, 
**-^y  the  actual  magnetic  pull  which  the  field-magnets 
g^  ^'t  on  the  armature  core.     This  is  notably  great  in  the 
g     ^     of  dynamos   having   a  single    magnetic   circuit.     An 
j_       **ple  in  which  the  field-magnet  t«nds  to  lift  the  armature 
p^      ^forded  by  those  machines,  such  as  the  Edison-Hopkinson, 
Kj*^-^  287,  p.  422,  in  which  the  magnet  stands  over  the  arma- 
j     ^^  ;  whilst  contrary  exaniples  are  furnished  by  machines 
[f    ^*vhich  the  armature   is  above  the  field-magnete,  as  in  the 
j^   t^p  dynamo,  Plate  I,  and  Figl  259.     If  the  armature  ia 
-    *"^ectly  centred  there  will  always  be  a  tendency  to  dn^  it 
^^**chawayR8  to  make  the  entire  magnetic  cireuit  more 
***pact.     TTiis  can   be  partially  obviated    by  placing    it 
^^^^sntrieally,  slightly  below  the  centre  of  the  bored  polar 
^*^^S8  in  machines  of  the  under-type,  and  slightly  above  the 
^**tre  in  the  over-type.     In  Kapp's  machine  the  downward 

21— Vol.  3 
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pull  is  partly  compensated  by  leaving  the  pole-tips  wider 
apart  below  the  armature  than  they  are  above  it ;  or  by  using 
cast-iron  pole-tips  below  and  wrought-iron  pole-tips  above. 
This  magnetic  pull  may  amount  to  as  much  as  four  or  five 
times  the  weight  of  the  armature. 

GyroBtatic  Action  of  Armature. — Another  point,  which 
arises  only  in  the  case  of  dynamos  used  on  shipboard  and  of 
motors  running  round  a  curve  on  a  track,  is  the  gyrostatic 
action  of  tlie  revolving  armature,  whicli  tends  always  to  keep 
its  axis  pointing  in  the  same  direction.  Lord  Kelvin  has 
given*  the  following  formula  for  the  gyrostatic  force  on  a 
bearing. 

F  =  WA^fioi  ---  gl; 

where  F.  is  the  force ;  W  weight  of  armature ;  I  length  be- 
tween bearings ;  g  the  acceleration  of  gravity ;  w  the  angular 
velocity  of  the  armature,  in  i-adians  per  second ;  Q  the  max- 
imum angular  velocity  of  roll  of  ship,  also  in  radians  per 
second ;  k  the  radius  of  gyration  of  the  armature. 

Example, — In  a  ship  rolling  20°,  with  a  periodic  time  of  16 

seconds  a  Siemens  alternate-current  machine  (Fig.  409)  running 

at  1300  revolutions  per  minute  ;  W  =  148  lbs. ;  A:  =  0*7  foot ; 

20 
/  =  14  foot  ;  and  flr  =  32  feet  per  sec.     Here  Q  =  2  «•  X  ogT;  X  2  «r 

-7- 16  =  0137  ;  and  w  =  2  «•  X  1300  ~  60  =  136.  Then  F  =  30-6 
lbs.  on  each  bearing,  alternately  acting  up  and  down  at  each  roll, 
if  the  axis  of  the  dynamo  lies  athwart  the  ship. 

It  is  evident  from  these  considerations  that  it  would  be 
inexpedient  on  shipboard  to  employ  dynamos  having  arma- 
tures which  resemble  fly-wheels  in  form,  if  the  pressure  due 
to  the  weight  of  the  armature  were  not  relatively  much 
greater.  Drum-armatures  of  length  greater  than  their  diam- 
eter are  preferable  for  ship-lighting. 

Journals. — From  what  has  been  said  it  will  be  clear  that 
caution   must  be   used  in   applying   the   ordinary  rules  of 


1  See  Jamieson  on  Electric  Lighting  for  Steamships,  Proc.  ln»L  CMl 
Mhngineers^  Ixxxix.,  Nov.  11.  1884. 
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niachine  design.  It  is  usually  assumed  that  journals  ai-e 
"■^e  Inrger  for  higher  speeds,  because  of  the  necessity  of 
getting-  lid,  by  the  greater  cooling  surface, of  the  heat  gener^ 
ated  at  the  higher  speed.  But  it  is  known  that  this  assump- 
tion les*.ds  to  the  rule 

l=Y  n  -^  ?\ 

where  /  is  length  in  inches;  F  the  force  (in  lbs.)  on  the 
bearing  ;  «  the  number  of  revolutions  per  minute ;  and  /9  a 
constant  which,  according  to  various  authorities,  may  vary 
between  66,000  and  1,000,000.  With  such  a  variation,  tha 
rule  is  almost  useless  as  a  guide  to  design  ;  moreover  it  takes 
no  account  of  the  diameter  of  the  journal.  In  all  good  engi- 
neering practice  the  ratio  between  the  diameter  and  length  of 
a  J*un-ial  bears  a  relation  to  the  speed.  For  slow  speeds, 
such  s^^  100  revolutions  per  minute,  the  length  need  be  no 
P^*te»-  than  one  diameter;  whereas  for  speeds  of  1000  and 
upwa«-<3a  the  length  is  five  or  six  diameters,  and  in  high-speed 
**"*  Sometimes  as  much  as  eight  diametera. 
'  *'om  this  we  get  the  approximate  rule : — 

?;,;  =  !  +  0-004  n. 

^n«    rule  given  above,  which  is  an  ordinary  one  for  mill- 

soaf  tjij^g^  18  known  not  to  apply  to  cmnk-shaft  bearings,  whei-e 

centrifygjj  force  is  of  little  importance,  but  where  there  come 

^''*~y   alternately-directed  thrusts  and  wrenches.     Still  less 

"^  Jfc  strictly  apply  to  dynamo  machines.     In  these,  for  the 

*■    part,  the  power  is  transmitted  through  a  few  inches  of 

*•     from  a  pulley  to  the  armature.     The  journal  between 

,      ®   two  parts,  if  the  pulley  is  outside,  is  obviously  sustain- 

s  a   Tnuch  severer  wrench  than  the  journal  at  the  other  end ; 

,       *■•»  many  dynamos  made  larger  and  longer  than  that  at 

***iinmutator  end. 

**     the  table  on  the  neit  page  are  given  data  of  sundry 
■"^ijies. 

,  "^^  safe  diameter  for  a  journal  to  give  requisite  strength 
*^*^*iB  on  the  load  tending  to  bend  it.  as  well  as  on  the 
^  1^  wis  ting-moment  that  results  from  the  power  transmitted 
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through  it.     The  diameter  of  a  shaft  is  usually  calculated 
from  the  formula,  applicable  when  there  is  no  bending.: — 

d  (inches)  =  (?  y'  H  P  -^  revolutions  per  minute ; 
where  c  =s  2-9  for  steel  shafts. 

The  lateral  loading  of  an  overhung  pulley,  due  to  the  belt, 
produces  a  considerable  amount  of  bending.  Taking  the 
ratios  of  breadth  of  pulley  to  diameter  which  ai*e  usual  in 
dynamo  manufacture,  it  will  be  found  that  c  ought  to  be 
taken  as  having  a  value  variously  estimated  from  4*2  to  6*5. 

Again,  the  spindle  or  shaft  of  a  dynamo  is  subjected  to 
bending  by  the  weight  of  the  armature,  by  the  magnetic  drag 
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on  its  core,  and  in  beltnlriven  machines  by  the  lateral  drag  of 
tlie  pulley.  When  running,  it  is  also  suhjected  to  bending 
Btressea  if  the  masses  it  carries  are  not  properly  balanced.  If 
the  brasses  of  the  hearings  keep  the  journals  ia  line,  it  is 
evident  that  all  such  actions  tend  to  bend  the  shaft  at  definite 
points.  In  machines  with  discoidal  aimatures  a  greater 
length  of  shaft  is  free  to  bend  than  in  those  with  di-um  and 
cylindrical  ring-armatures,  which  stiffen  the  middle  portion. 
Professor  Perry  calculntes'  for  discoidal  armatures, 

l:d  =  n  yTT-i-lOOO; 
and  for  drum-  and  elongated  ring-armaturee, 
l\d  =  in   t/X"-=- 8500) -H  2, 

where  L  is  the  length  of  the  shaft  between  the  middle  points 
of  its  bearings,  in  inches;  and  n,  I  and  d  as  before. 

Journals,  if  plain,  are  usually  terminated  by  collars  or 
raised  shoulders,  to  bear  gainst  the  brasses  and  limit  end- 
play.  In  some  forma  of  niacliine  end-play  is  specially  pi-o- 
vided  for,  so  as  to  cause  an  even  wear  at  tne  commutator. 

In  some  British  machines,  chiefly  small  ones,  and  others  of 
American  make,  a  shaft  of  the  same  diameter  throughout  is 
used,  with  collars  shrunk  on  to  prevent  end-play.  This  is 
not  good  engineering.  A  shaft  ought  to  be  as  thoroughly 
designed  for  its  work  as  any  other  part  of  the  machine.  It  is 
well  recognized  in  machine  design  that  where  an  axle  has  to 
bear  a  transverse  load  tending  to  bend  it  between  the  points 
of  support,  it  must  be  thickest  where  the  bending  moment  is 
greatest.  One  takes  as  a  basis  of  calculation  the  diameter  ap- 
propriate at  the  journals  (found  as  above)  and  assuming  that 
the  sfcaft  is  of  circular  section,  calculates  the  diameters  at  the 
other  parts  by  the  rule  that  the  diameter  at  each  point  should 
be  proportional  to  the  cube  root  of  the  bending  moment  at  that 
point.'  It  must  not  be  forgotten  that  where  key-ways  are  to 
be  subsequently  cut  for  securing  the  spiders  or  other  attach- 
ments, additional  diameter  must  be  given  to  admit  of  tliis 
without  reduction  of  strength.     An  example  of  an  excellent 

1  See  Unwin's  Jfacflfne  I>t»ign.,  147. 
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piece  of  design  is  afforded  by  the  shaft  of  Brown's  dynain 
Plate  IV. ;  also  by  those  of  Kapp's  dynamo,  Plate  II. ;  and 
of  Mordey's  dynamo,  Fig.  288. 

In  the  firat  of  these  examples  it  will  be  observed  how  the 
armature  spidei's  fit  ou  over  the  middle  portion  of  the  shaft, 
and  the  whole  is  tightened  up  by  a  threaded  nut  against  a 
collar  on  the  shaft.  The  commutatoi-  is  built  up  around 
another  and  shorter  sleeve,  which  slips  over  a  slightly 
reduced  part  of  the  shaft,  on  the  other  side  of  the  collar. 
The  pulley  is  within  the  bearing,  not  overhung. 


Fig.  268.— Thrust  Beabikg  or  Kapp  Altebnatoh. 

In  the  second,  the  armature  spider  is  a  long  sleeve  of  cast 
iron,  which  stiffens  the  middle  portion  of  the  shaft,  and  is 
held  up  by  a  threaded  nut  against  a  collar. 

Bearings  ami  Pedestah. — Bearings  for  dynamos  are  afways 
made  divided,  so  that  the  armature  can  be  lifted  from  its 
bed,  and  n.sunlly  with  steps  of  bi-ass  or  gun-metal  seated  in 
an  appropriate  pedestal.  Those  who  am  not  familiar  with 
this  elementary  part  of  machine  design  should  examine  the 
drawings  of  the  pedestals  and  bearings  of  various  machines ; 
particularly  those  of  the  Kapp  dynamo,  Plate  I. ;  and  those  of 
Plate  XVIIl.  and  Figs.  278  and  277.     Often  the  pedestal  is 
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nude  in  two  parts  bolted  together ;  the  joint  ocourr'uig  at  tha 
leTel  of  the  under  side  of  the  ai-inature  to  admit  of  the  latter 
being  withdrawn,  and  affording  ares  ting  point  duringremovaL 
Where  long  bearings  are  nsed  they  are  occasionally  made  of 
cast  iron  instead  of  gun>metal  or  brass.  More  often  a  soft 
metal  bearing  is  used;  or  rather  a  soft  alloy,  such  as  Babbitt's 
metal  or  "  Magnolia  "  metal,  is  used  as  a  lining  for  a  step  of 
gan-metal  or  cast  iron ;  such  antifriction  metal  being  cast  into 
shallow  recesses  formed  for  that  purpose  in  the  hollow  of  the 
step. 


no.  SH.— Ball  Beabinq  (Auto  Hacbdtert  Compaity). 

Ball  Bearinga. — With  the  introduction  of  machinery  of 
precision  for  making  steel  balls  for  antifriction  bearings,  the 
Q«e  of  the  latter  for  dynamos  lias  been  coming  into  favor. 
*'ig.  254  gives  a  view  of  a  bearing  of  this  class,  and  shows  the 
disposition  o£  tlie  balls  between  the  levolving  liner  and  the 
Outer  stationary  rings.  For  motor-generatoi-a,  where  there  is 
tto  lateral  drag  due  to  belts,  these  bearings  have  been  found 
excellent. 

'Birvxt  Bearingt. — In  all  dynamos  with  disk  or  discoidal 
Hug-annatiires,  end-play  is  inadmis'-iVe!  and  thrust-bearings 
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must  be  provided  similar  to  those  used  on  screw  propeller 
shafts  with  raised  collars  on  the  journals.  Or,  instead,  the 
shaft  may  be  constructed  with  shouldei-s  somewhat  deeper 
than  usual  at  the  journals,  to  bear  against  the  brasses.  The 
reader  should  examine  the  various  thrust-bearings  in  the 
drawings  of  the  following  dynamos;  Mordey- Victoria, 
Fig.  283,  p.  418  j  Ferranti  alternator.  Fig.  417,.  That  of 
the  Kapp  alternator,  built  by  Messrs.  Johnson  and  Phillips, 
is  shown  in  Fig.  253. 

Spherical  Seartnga. — With  all  long  bearings  it  is  of  great 
importance  that  they  should  not  only  be  exactly  concentric. 


Fig.  255.— Sfherical  Bkarinq  op  Goolden  Dyhaho. 

but  that  they  should  also  be  accurately  in  line.  To  permit 
the  steps  to  adjust  themselves  to  perfect  alignment  it  is  now 
a  frequent  practice  to  provide  them  with  a  spherical  seat ;  that 
is  to  say,  a  spherical  or  nearly  spherical  shape  is  given  to 
the  enlarged  central  portion  of  the  bearings,  and  this  spherical 
portion  is  provided  with  a  soft  metal  seat  on  the  pedestal.' 
Fig.  256  gives  a  design  by  Mr.  Ravenshaw.  The  bearings  of 
the  Westinghouse  alternator  closely  resemble  Fig.  255,  but 
are  adapted  to  longer  journals. 

Lubricatort. — Pi-ovision   must   be    made    for  lubricating 

*  See  paper  by  Mr.  Coleman  Sellers,  In  Joiimtil  of  Franklin  Imtttute  tor 
iSKiOrEngineerini/,  xv.  17,  orUie  figure  In  Un win' 8  Machine DeMgntf-llO. 
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bearings  with  a  due  supply  of  oil  or  grease,  and  airangeiuents 
to  prevent  waste  and  spilling.    It  is  usual  to  provide  an  oil- 
well  in  the  hollow  casting  of  the  pedestals,  into  which  the  oil 
drains  from  the  ends  of  the  hrasses.    Sight-feed  lubricators 
which  supply  the  oil  visibly  drop  hy  drop  are  undoubtedly 
best  for  ordinary  machines.     Such  a 
lubricator  is  illustrated  in  Fig.  256. 
Tbe  lever  C  at  the  top  closes  the 
feed  of  oil  when  the  machine  is  not 
wanted  to  run.     The  collars  A  and 
B  regulate  tlie  rate  at  which  the 
oil  flows   down   to   drop   through 
the   tube   sight  below.     For   ship 
dynamos  special  forms  that  cannot 
spill  oil  aro  preferable.     It  is  usual 
to  provide  a  collar  on  the  journals 
to  collect  and  throw  off  the  oil 
centrifugally,  the  lipa  o£  tbe  bearing 
being  carried  (as  shown  in  Fig.  255, 
above)    beyond    the    brasses,  and 
provide    with    s    re-entrant    rim 
'VP'hich  catches  the  oil  and  returns 
it  to  the  well  below.    SighiMlrain 
lubricators  which  permit  the  oil 
tliat    flows   from   the   bearings   to 
<irop    visibly  are   in   some    cases 
preferable.     For   large    dynamos, 
"^■hera  there  is  great  weight  on  the 
l>eariiigs,  special  precautions  have 
to  be  taken,  as  in  the  lubrication 
of  the  bearings  of  propeller  shafte. 
Oil    is    supplied  under    pressure, 
aometimes  from  two   independent 

Sources,  to  prevent  risk  of  failure.  Such  arrangements  are  the 
more  needful  in  the  case  of  dynamos,  because  the  motion  is 
One  of  pure  rotation,  the  shaft  not  being  subjected,  like  the 
crankshaft  of  a  steam  engine,  to  alternate  lateral  thrusts,  which 
help  to  work  the  oil  in  under  the  journals.     Sellers  has 
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proposed  a  double  lubrication  ^  as  a  safeguard.    The  ordinarjr 

lubricator  supplies  oil  at  the  centre  of  the  bearing,  and  the 

top  braes  is  provided  near  each  end  with  a  cup  containing 

a  BtifF  mixture  of  tallow  and  oil,  which  only  melts  in  case 

the  bearing  heats  from  failure  of  the  ordinary  oil  supply, 

Self-lubricating  devices  are  sometimes  used,  an  oil-well  being 

provided  in  the  lower  brass,  into  which  dips  a  collar  on  the 

journal,  or  a  metal  ring  running  loosely  over  it,  orevenamere 

ring  of  felt.     (See  Brown's  motor,  Plate  XVIII.)     Fig  257 

represents  the  self-oiling  arrangement  used  in  their  small 

motors  by  the  Crockei>Wheeler  Co.  of  New  Jersey.    Some 

makers  provide  spiral  grooves 

in  the  softrmctal  lining  of  tlie 

bearing,  so  that  the  oil  brought 

up  by  the  ring  is  distributed 

along  the  joamal. 

For     dynamos     and     alter> 

nators     of     the      "  umbrella  " 

type,  with  vertical   shafts   for 

use  with  turbines,  very  special 

oiling  arrangements  must  be 

used  on  account  of   the   very 

great  weight  on  the  bearings. 

(See    Plates   VI.    and   XVI.) 

Fio.  2S7.— Bearino  WITH         Arrangements     are     made    in 

BKLF-oiuNQ  R1NO8.  all    laige     machines     of     this 

type  to  take  a  large  portion 

of  the  dead  weight  off  the  bearing  surfaces,  by  means  of 

hydraulic  floats,  or  in  some  cases  by  applying  electromagnets 

to  produce  an  upward  pull.     In  the  case  of  the  great  Niagara 

alternators,  Fig.  432,  tlie  lubrication  is  effected  by  oil  placed 

in  a  lai^e  castriran  cup  several  feet  in  diameter  attached  to 

the  shaft  below  the  bearing.     Into  the  oil  dips  a  stationary 

tube,  up  which,  when  the  cup  revolves,  the  oil  rushes  to  tlie 

top  of  the  bearing.    A  cold-water  circulation  is  provided 

for  artificial  cooling. 

'  Unwln's  Maehine  Di-mrjn,  171. 


Mechanical  Points  in  Design  and  Construction.  337 

Ktyt  and  Feathert. — Keys  for  securing  the  Armatures  and 
pulley  to  the  shaft  should  be  of  the  sunk  or  flat  type,  not  of 
tbe  saddle  type,  which  is  less  reliable.  The  rules  for  keys  are 
as  follows :  b  meaning  breadth ;  t  thickness  ;  and  d  diameter 
of  the  eye  of  the  hub,  all  in  inches — 

6  =  Jd  +  1"; 
t,  for  sunk  keys  ^  -^d  +  ^  " ; 
(,  for  flat  keys  =  -^d  +  -^"  \ 

Where  two  or  more  feathers  are  used  on  differentsidesof  the 
ahaft,  the  breadth  of  each  may  be  somewhat  less  than  this. 
For  srnall  machines  these  numbers  are  needlessly  large. 

^■uileyt  and  Belts. — There  is  no  need  to  give  special  rules 

for  these,  as  the  ordinary  rules  for  running  machinery  apply, 

Seti-plateg. — In  designing   bed-plates  it  is  usual  to  save 

weig-ht  of  metal  by  coring  out  and  leaving  stifiening  ribs  and 

"^^ges.     All  this  is  quite  right  except  in  those  cases  wheie 

'"y  part  of  the  bed-plate  serves  also  a  magnetic  purpose  and 

|^"stitutes  a  part  of  the   magnetic   cirauit.     For  example, 

^  the     Kapp  dynamo,  Plate   I.,  the   bed-plate   serves  par- 

'.y    as  a  yoke  for  the  field-magnet;   and  in   the   "Man- 

sliester  "  dynamo  of  Mather  and  Piatt,  Fig.  285,  p.  421,  as 

'^  in   Brown's  dynamo,  Plate  IV.,  the  part  of  the  casting 

*Aioh   passes  under  the  armature  must  be  left  solid.     British 

nakera  usually  design  bed-plates  of  box-patterns.     In  the  case 

"  nan^hingg  with  drum  or  cylindrical-ring  armatures  it  is 

»uver»ient  to  be  able  to  withdraw  the  armatui-e  longitudinally 

i    '^moving   one   pedestal,   which    therefore   should   be   a 

*parmg  casting.     In  that  case,  for  machines  of  the  over-type, 

*ionveiiient  that  the  pedestal  should  be  made  i-emovable 

*■*   to  the  level  of  the  under  side  of  the  armature,  so  that 

^^    the   upper  part  is    removed   the   stump  may  lorm  a 

^©nient  resting  place  for  the  ai-mature  in  removal.     A 

'^^  is  shown  in  Fig.  273,  p.  401,  and  in  the  Kapp  dynamo, 

P'«.t6  I. 

Gouplingi. — When  dynamos  are  driven  without  belting 
"^toi  the  steam  engine  on  the  same  bed-plate,  it  is  frequent  to 


tia 
low 
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connect  their  respective  shafts  by  a  coupliDg.  Of  tliesr 
devices  there  are  several  special  patterns,  such  as  Brother- 
hood's, with  a  connecting  part  ot  leather,  and  Raworth's  with 
flexible  steel  bands,  admitting  of  a  certain  amount  of  play 
if  the  two  shafts  ate  not  in  exact  alignment.  It  is  well  to 
construot  the  coapUng  so  that  it  also  insulates  the  engine 
from  the  dynamo. 
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CHAPTER    XVI. 


ELEMENTS  OP  DYNAMO  DESIGN:    CALCULATIOK  OF 
CONTINUOU8K3UKKENT    DTHAM08. 

T^K  symbols  used  in  this  chapter  are  described  on  p.  169. 

As   ill  all  designing  of  machines,  so  with  the  designing  of 

iiynfk.moa,  experience  is  the  ultimate  guide.    Before  we  can 

"girx  to  design  a  dynamo  we  must  know  what  we  want :  how 

many  amperes  it  is  to  give,  and  at  what  voltage.    We  must 

^o  >>ave  definite  ideas  as  to  the  intended  speed  of  running. 

To  design  a  machine  which,  when  drivenata  prescribed  speed, 

Bhall    yield  any  desired  number  of  amperes  of  current  at  any 

given,  voltf^e,  is  a  very  simple  matter  to  an  engineer  who  has 

***^c]y  had  experience  in  designing  dynamos  of  the  same 

K®'*e»Til  type,  but  of  different  output.     To  a  man  who  has 

~^'^?  lied  2-pole  continuous^urrent  machines  for  incandescent 

Sh-ting  it  is  a  simple  matter  to  design  another  machine  of 

^  ^«me  sort.    But  it  would  be  to  him  by  no  means  so  easy 

'^^    his  experience  only  to  pass  to  designing  machines  of  a 

'-tipolar  type,  or  to  design  alternate-current  machines. 

^^*Hppily  a  vast  quantity  of  data  are  available  respecting 

°r^^^  machines  of  many  types  and  sizes.     Tabulated  statistics 

_   '*t».e  results  of  experience  are  invaluable  to  the  designer. 

5*''^most  of  such  statistics  are  those  to  be  found  in  a  series 

'^-■KHicles  by  Mr.  Wiener  in  the  Electrical  World,  in  the  years 

,    *~^  and  1895.     Many  points  need  no  such  data,  but  may  be 

7j*>d  from  first  principles, 

^"•i  is  known,  for  example,  that  the  number  of  watts  of 
"^^-^tiut  of  a  dynamo  of  given  form,  at  a  given  speed,  is 
PE**-oximately  proportional  to  its  weight.  For  example : 
^^'"^n  a  dynamo  which  at  720  revolutions  per  minute  yields 
^^^x.  *hout  sparking  or  overheating)  200  amperes  at  105  volts 
^*    ^  kilowatt  machine),  it  is  known  that  using  the  same  iron 
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caivass,  and  rewinding  the  machine  with  new  coils  equal  in 
weight  to  those  previously  used,  the  machine  may  be  made 
to  give  (at  same  speed  as  before)  300  amperes  at  70  volts,  or 
250  amperes  at  84  volts,  or  90  amperes  at  700  volts — the  pro- 
ducbi  in  each  of  these  cases  being  21,000  watts.  A  machine  for 
double  the  output  would  have  double  the  weight  of  iron  and 
double  the  weight  of  copper,  approximately,  if  of  the  same  type. 

Also,  since  the  voltage  is  proportional  to  speed,  if  a  new 
dynamo  had  to  be  designed  to  give  the  same  output  ataspeed 
of  480  instead  of  720  i-evolutions  per  minute,  a  carcass  about 
\\  times  as  heavy  would  be  required.  A  manufacturer  who 
had  in  stock  cai'cassea  of  various  sizes  would,  of  course,  select 
the  nearest  size  and  wind  it  with  an  appropriate  winding. 

The  first  stage  in  understanding  the  subject  is  to  examine 
carefully  the  design  of  some  well-established  machines,  and 
to  see  how  the  dimensions  of  their  sevei'al  parts  are  adapted 
to  their  functions.  It  will  then  be  an  easier  matter  to  work 
out  any  case  for  a  fresh  type  of  machine.  But  that  we  may 
know  what  sort  of  data  are  needed  from  experience,  let  us 
make  a  pi'eliminary  attempt  at  calculating  a  design.  Calcu- 
lations are  needed  to  ascertain  the  proper  sizes  of  the  parts. 
Some  of  these  calculations  are  purely  electrical,  other  mi^rietio- 
othei-s  mechanical,  and  some  are  of  a  wholly  empirical  nature 
founded  on  experience.  If  a  dynamo  is  to  be  constructed  to 
give,  say,  an  output  of  200  amperes  at  55  volts,  the  conditions 
respecting  safety  from  overheating  practically  determine  tlie 
size  of  wire  that  can  be  used  for  the  prescribed  current :  no 
calculation  being  needed  beyond  a  reference  to  a  wire-table, 
and  the  knowledge  that  in  armatures  of  dynamos  itis usually 
quite  safe  to  allow  2000  or  more  amperes  to  the  square  inch. 
Suppose  we  settled  on  a  stranded  wire  of  7  No,  13  S.W.G., 
which  will  safely  carry  100  amperes  (each  conductor  canies 
only  AoZ^the  armature  current).  If,  however,  the  field-mt^net 
is  shunt-wound,  as  it  must  be  for  oi-dinary  lighting  at  constant 
pressure,  there  will  be  additional  amperes  to  allow  for  besides 
the  200  for  the  lamps.  Let  it  be  taken  that  5  amperes,  or 
2}  per  cent,  of  the  current,  will  suffice.  Suppose  this  all 
settled,  then  the  question  arises  of  tlie  55  volts.     What  size 
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of  arm&tnre,  what  winding  of  it,  what  size  of  field-m^^et  will 
be  required ;  and  how  must  the  latter  be  wound  so  as  to  give 
what  is  required  at  the  proper  epeed  ?  Again,  it  must  be 
remembered  that  if  55  volte  is  to  1)6  the  pressure  at  the  main^ 
the  armature  must  generate  more  volts  tlian  this — say  57  or 
58 — to  allow  a  margin  for  the  "  lost "  volts  (p.  181)-  Sup- 
pose this  settled,  then  what  is  the  next  step? 

Coiiyider   the   fundamental   equation   of   the  continuous- 
current  dynamo  (see  pp.  46  and  171). 

E  =  n  Z  N  -^  10*. 

How   if  fre  assume  that  the  speed  n  is  prescribed  beforehand 

'^'^  formula  tells  us  that  the  volts  of  the  armature  depend  on 

Z,  tK«  number  of  armature  conductors  employed  (i.e.  on  the 

'•'eigiit  of  copper),  and  on  N>  '•'■^  number  of  magnetic  lines 

tnrovsgli  the  armature  (1.  e.  on  the  cross-section  of  the  iron 

core,    and  on  the  degree  to  which  its  magnetization  is  forced 

"1*^  -       In  the  case  in  question,  suppose  the  prescribed  speed  to 

^  ■*-  X40  revolutions  per  minute,  then  n  (the  revolutions  per 

««co»:»a)  =  19.     And  it  E  U  taken  at  57,  it  follows  that  Z  |S| 

■"Ultiplied   together  must  come  to  300,000,000.     But  how 

'^'^  1 1  must  Z  and  N  ^  separately  ?     Well,  experience  shows 

'^^      in   such    machines   as   this   is   to   be,   each   armature- 

^•^t^i^in  should  consist  of  one,  or,  at  most,  two  turns,  whether 

^***]d  as  ring  or  as  drum.     Experience  also  shows  that  for 

P^^le  machines  it  is  convenient  if  the  number  of  sections 

i,au  «_1.  therefore  of  bars  in  the  commutator)  is  a  multiple  of  6. 

'*  <:>  experience  shows  that  if  there  are  fewer  sections  than  80 

"^*~«  will  be  fluctuations  and  possibly  spark  troubles,  and 

'"■t   if  there  are  so  many  as  150  or  upward,  there  comes  in 

^'***-1;  expense  in  the  construction.     Wo  might  take  42,  or  48, 

''  ^■■4,  or  60,  or  72,  and  work   out  a  design   on  any  of  these. 

*-^  very  easy,  on  completing  the  calculations,  to  try  another 

*•     it  the  first  do  not  seem  quite  satisfactory.     If  there  is  only 

"^    convolution  in  each  section,  and  the  armature  is  ring 

^'^Vtnd,  Z  will  be  the  same  as  the  namber  of  bars  of  tbs 

'^^^mutator ;  but  if  drum-winding  is  adopted,  then  Z  will  be 

^v^erically  twice  as  great.    Now  if  Z  is  small,  W  will  be  large. 


342  Dynamo-Electric  Alachinery. 

and  vjce  vertA  ;  and  we  know  that  to  secure  Hparklesa  running 
it  is  well  to  keep  N  l&>^e  ft'id  Z  small  (p.  95).  Suppose* 
then,  we  take  Z  at  72,  so  that  when  wound  di-uin-wis<;  there 
will  be  36  sections  and  a  S6-bar  commutator.  Clearly  this 
will  involve  that  N  shall  equal  800.000,000  -r-  72  =  4,166,600 ; 
in  round  numbers  there  must  be  a  flux  of  4,170,000  magnetic 
lines  thixiugh  the  cnre  of  tlie  armatui'e.  Again,  experience 
shows  that  the  proper  degree  of  magnetization  to  allow  in 
armatures  of  such  machines  is  (see  p.  868)  from  15,000  to 
17,000  lines  to  the  square  centimetre,  or  say  from  about  90,000 
to  100,000  lines  to  the  square  inch.  To  caiTy  the  4,170,000  lines 
the  armature  core  ought  then  to  have  a  nett  cross-section  of 
about  45  square  inches,  or  say,  288  squiirc  centimetres.  But 
here  i^in  comes  a  choice.  How  shall  we  determine  this 
cross-section?  What  size  of  core-ilisk  shall  we  choose,  and 
what  total  length  of  core-disks  shall  we  pack  together  along 
the  shaft  ?  Shall  we  use  a  toothed,  or  a  smooth  coi-e-disk  ?  . 
Suppose  we  decide  to  use  smooth  cores.  If  we  take  large 
core-disks  of  great  radial  dupth  we  shall  only  need  a  com- 
paratively small  number  of  them,  and  our  armature  will  be 
short ;  whereas  if  we  take  small  coi'e-disks  we  shall  have  a 
long  armature.  Here  two  other  considerations  come  in  to 
influence  our  decision.  We  have  provisionally  settled  the 
gauge  of  copper  conductor  to  cany  one  current — a  sti-anded 
wire  of  7  No.  13's,  of  which  S'88  turns  will  lie  side  by  side  in 
the  breadth  of  an  Inch.  If  there  are  to  be  72  such  conductors 
all  in  one  layer,  they  will  occupy  about  21  inches  side  by  side. 
If  we  allow  nothing  extra  for  inserting  driving-horns,  tliis  will 
involve  core-disks  about  7  inches  in  external  diameter.  If  we 
say  7i  inches  with  a  4^inch  hole,  the  doubled  ladial  depth  of 
iron  will  be  3  inches ;  and  as  tiiere  are  to  be  45  square  inches 
of  section  of  iion  that  will  require  a  total  length  of  about 
15  inches,  or,  with  ttie  insulation  between  the  core-disks  a 
length  of  16  inches,  the  core  of  the  drum  will  then  be  about 
twice  as  long  as  its  own  diameter.  It  is  usual  in  drum-cores 
to  make  the  length  a  little  greater  than  the  diameter ;  but 
this  will  do  for  present  purposes.  But  there  is  another  con- 
sideration.    If  we  have  got  so  many  complete  convolutions  of 
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conductor  as  36,  and  each  conductor  carries  102J  amperes, 
tliei-e  will  be  for  total  cross-mf^netizing  effect  a  product  of 
3690  ainpeie-tuins.  Will  this,  on  the  core-disk  of  7^  inches 
diameter  be  too  great — that  is  to  say,  so  great  as  to  cause 
sparking?  'ITiis  is  purely  a  question  for  experience  to  decide 
Csee  p.  385).  Now  experience  shows  that  in  2-pole  druni- 
"wound  machines  a  core-disk  'l\  inches  in  diameter  will  carry 
a.t;  l«ast  5200  ampere-turns  without  sparking,  so  that  we  are 
"w-ell  within  the  limit  of  sparklessness.  We  might  diminish 
^"temal  resistances  a  little  by  choosingasmaller  core-disk,  so 
^3  to  make  a  longer  core  that  will  waste  less  wire  in  wmpping 
Across  the  ends ;  but  in  that  case  we  cannot  use  tlie  stranded 
wire  first  selected.     If,  for  example,  we  choose  6-inch  core- 


^iata  with  2-inch  Iioles,  we  should  require  a  nett  length  of 
^2  inches,  or  a  gross  length  of  nearly  13  inches.  And  we 
<^ould  not  fit  the  72  conductors  around  the  periphery  unless 
these  are  specially  made,  say  of  drawn  copper  strips  placed 
"iree  side  by  side  (as  in  Fig.  258a),  each  strip  being  in  section 
^i>0  mils  wide  by  60  mils  thick.  The  three  ovei-spun  to- 
gether would  be  about  210  mils  thick ;  and  the  seventy-two 
"^''ould  occupy  about  15  inches  around  the  periphery  of  Uie 
®^inch  disk,  leaving  8-8  inch  for  the  insertion  of  driving- 
'*oins.  Another  way  of  winding  would  be  to  use,  with  7J-inch 
^*^re-disks,  four  wires  in  parallel,  instead  of  the  stranded  con- 
***ictor,  each  wire  being  a  No,  10  S.W.  G.,  carrying  25  amperes, 
'*'*^Wnged  two  deep,  there  being  144  around  the  periphery,  and 
***3cupying  about  22  inches  side  by  side,  as  in  Fig.  258i ;  a 
*»lird  method  would  be  to  use  a  toothed  core-<li3k  ^^^  inches 
^*i  diameter,  with  72  teeth,  with  wires  of  rectangular  section 
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two  deep  sunk  between  the  teeth,  the  size  of  each  strip  being 
\  inch  thick  and  \  inch  wide,  as  in  Fig.  258o.  If  the  manu- 
facturer had  in  stock  no  core-disks  of  these  sizes,  hut  bad 
some  of  7-iiich,  he  would  probably  use  these,  and  select  a  wire 
to  suit.  The  dififei'ence  in  the  final  efficiency  of  the  machine 
would  be  trifling. 

Assume  then  that  as  the  result  of  all  these  considerations 
the  T^inch  core  disks  have  been  chosen,  that  the  armature 
core  is  15  inches  long,  and  that  the  insulation  and  copper 
windings  and  binding  wires  will  bring  up  the  external 
diameter  to  about  8i  inches — it  yet  remains  to  design  the 
field-magnet. 

We  will  settle  upon  the  form  of  Fig.  102  as  the  type,  and 
construct  the  horizontal  limbs  of  cast  iron.  We  must,  pro- 
visionally at  least,  assume  a  value  for  the  leakage  coefSeient, 
which  in  this  type  is  rather  high,  say  20,  Hence  we  must 
design  the  field-magnet  to  cany  8,340,000  mi^netic  lines 
instead  of  4,170,000,  And,  as  experience  shows  that  it  is  not 
well  to  force  tlie  magnetization  beyond  about  7000  lines  to 
the  square  centimetre  or  4S,000  to  the  squai'e  inch,  this 
implies  a  cross-section  of  at  least  194  square  inches,  or  about 
1191  square  centimetres.  Again,  experience  shows  that  it  is 
well  if  the  armature-core  extends  a  trifle  beyond  the  field- 
magnet  on  each  side.  This  can  be  attained  by  bevelling  the 
edges  of  the  polar  parts  while  keeping  the  rest  broad.  Sup- 
pose the  field-magnet  limbs  to  be  made  16i  inches  wide  from 
front  to  back,  and  Hi  inches  in  depth ;  then  what  length 
must  they  be?  Obviously  a  sufficient  length  to  leave  room 
between  them  for  the  wroughtr^iron  core  and  the  bobbin  lai^e 
enough  to  hold  thp  proper  amount  of  winding  necessary  to 
excite  the  magnetization  to  the  prescribed  degree.  To 
ascertain  the  amount  of  wire  that  is  requisite  one  has  first  to 
calculate  the  number  of  ampere-turns  by  the  principle  of  the 
mi^netic  circuit.  But  how  can  we  apply  the  principle  of  the 
magnetic  circuit  without  knowing  the  lengtli  of  iron  that  is  to 
be  used?  The  method  usually  adopted  here  is  one  of 
approximation.  Make  a  preliminary  calculatiou  in  which  a 
rough  estimate  is  inserted  for  the  yet  undetermined  length 
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of  the  irou  limbs.     Having  done  this,  see  whether,  without 

mechanical  difficulty  or  risk  of  oveilieating,  the  quantity  o£ 

wire  thus  calculated  can  be  wound  upon  the  length  of  limb  so 

assumed ;  and  having  made  this  comparison,  then  diminish 

or  increase  the  length  chosen  for  the   limb,  and  recalculate. 

But  here  again  comes  in  a  complexity.     If  we  assume  that 

the  armature  has  no  demagnetizing  reaction,  we  shall  find  our 

calculated  quantity  of  wire  much  below  the  quantity  actually 

required.     Therefoi-e,  calculate  approximately  by  the   rule 

given  on  p.  231  the  number  of  demagnetizing  ampei-e-turns, 

and  add  2-0  times  this  to  the  number  previously  found ;  for 

the  field-magnet  must  be  made  long  enough  to  cany  this 

additional  number  of  coils.     In  the  case  under  consideration 

assume  the  polar  angle  to  be  145"  on  each  side,  it  follows 

145 
that  ^       of  72,  or  about  58  of  the  conductors  of  the  armature, 

will  be  in  the  gap-spaces  at  any  one  moment,  and  that  there 
will  be  a  belt  of  conductors  (see  Fig.  70,  p.  85),  seven  broad, 
exposed  between  the  tips  of  the  poles.  This  gives  us  700 
ampere-turns  of  demagnetizing  power  if  the  brushes  are 
assumed  to  be  set  near  the  pole-tips. 

Now  the  external  diameter  of  the  armature  is  8}  inches, 
and  we  must  allow  j  inch  clearance  all  round,  making  the 
diameter  of  the  bored  polar  surface  8i  inches,  and  the  actual 
gap-space  from  iron  to^  iron  \  inch.  The  gap^paces  them- 
selves may  be  taken  as  being  105  inches  along  the  curve,  and 
15  inches  from  back  to  fixint.  We  are  now  ready  for  the 
rules  by  which  to  calculate  the  field-magnet  design.  Hence 
we  may  pause  here  in  these  general  considerations,  which 
have  been  followed  far  enough  to  show  the  need  tor  handy 
formulee  of  sufficient  exactness. 

Electrical  Calculationb. 

S  1.   To  calcvtute  the  Lost  Voltain  the  Armature. — Take  the 
number  of  amperes  Ca  flowing  through  the  armature;  multiply 
this  by  the  number  of  ohms  (or  fraction  of  an  ohm)  that  repre- 
sents the  internal  resistance  of  the  armature- 
Lost  volts  —  Ta  X  Ca. 
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A  similar  mode  is  to  be  used  for  calculating  the  volts  lost  by 
resistance  in  any  coil  in  series  with  the  armature.  If  the  other 
internal  main-circuit  resistances,  such  as  a  series  coil,  are  called 
r„„  we  must  add  this  to  r^  and  get 

Lost  volts  =  {Ta  +  O  X  Co. 

§  2.  To  calctdate  the  Current  going  through  Shunt. — Divide 
volts  6  at  terminals  by  number  of  ohms  of  resistance  r«  of  shunt 
coil. 

C.  =  e  -^  r,. 

In  a  good  modem  machine  C«  may  be  taken  as  about  20  to  15 
per  cent,  of  C  in  machines  of  less  than  1  kilowatt ;  10  to  5  per 
cent,  in  machines  of  1  to  10  kilowatts ;  5  to  2i  per  cent,  up  to  200 
kilowatts  ;  H  per  cent,  in  machines  of  1000  kilowatts  (or  less). 

§  3.  To  calculate  the  Whole  Current  flowing  through  Armature, 
— Add  to  the  number  of  amperes  C  that  flow  to  the  lamps,  the 
number  of  amperes  C«  flowing  around  the  shunt  coiL 

C«=C4-C.. 

Or  a  percentage  (as  above)  may  be  added  to  the  current  to  be 
supplied  to  the  mains. 

§  4.  To  find  the  Crauge  of  Wire  needful  for  the  Armature, — Re- 
membering that  there  are  in  bipolar  machines  two  paths  through 
the  armature,  divide  Ca  by  2,  and  then  refer  to  the  Amperage 
and  Wire-Gauge  Table  (Appendix  A),  and  select  a  wire  if  it  is  to 
be  a  wire  winding  ;  otherwise  a  stranded  bar  will  be  chosen. 
Bemember  that  in  very  small  machines  it  is  safe  to  go  up  to  4000 
amperes  per  square  inch,  and  in  large  machines  to  2000  amperes 
per  square  inch. 

§  5.  Tb  find  the  Whole  Electromotive-force  E  that  must  be 
generated  in  the  Armature  of  a  Dynamo, — Ascertain  the  number 
of  volts  of  pressure  e,  at  which  the  mains  are  to  be  supplied  from 
the  terminals  of  the  dynamo  (depending  on  the  lamps  that  are  to 
be  used) :  to  this  add  the  calculated  number  of  lost  volts. 


E  =  6+r„G 


a. 


%  6,  To  calculate  the  number  of  Armature  Conductors  Z. — ^This 
is  a  matter  of  experience:  see  p.  313  above,  and  p.  342. 

§  7.  To  calculate  the  Electromotive-force  in  the  Armature. 
{Continuous  Current  Machines.) — Multiply  together  the  revolu- 
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tuns  per  second  n,  the  number  of  armature  conductors  Z,  and 

the  magnetic  flux  N, then  divide  by  one  hundred  million.    For. — 

1  volt  =  lO"  CG.S.  unite  of  electromotive-forca 

nZN 
E  (volts)  =  -  j(j,- 

fEacample :  a  certain  Phoenix  dynamo,  n  =  23-6  ;  Z  =  180  ; 
N==  2,630,000.  Find  E.]  For  multipolar  machines  one  must 
slw  <ii-vide  by  the  number  of  bifurcations  of  circuit.  For  arma- 
tures not  internally  croes-connected  this  will  be  half  the  number 
of  brushes  {see  p.  257). 


Efficiency  Calctlatiokb. 

*  8.  To  calculate  the  Wa^ed  Potcer  in  a  Dynamo. — To  calculate 
Dorse- power  from  tbe  watts  divide  the  number  of  watts  by  746. 

(1)  "V^atte  wasted  in  armature  coil.  Multiply  volts  lost  in 
*'^***t;\ire  by  amperes  in  armature:  or  multiply  resistance  of 
arre»a.t^ire  by  square  of  armature  current. 

^^)  ~Vratto  wasted  in  series  coil.  Multiply  volts  lost  in  series 
coil  l>3r  amperes  in  that  coil:  or  multiply  resistance  of  coil  by 
*iua,i:-^  of  amperes  in  that  coil. 

(3>  ^Watts  wasted  in  shunt  coil.  Multiply  amperes  in  shunt 
"^^  '^c>lts  at  terminals  of  shunt:  or  divide  square  of  volts  at  ter- 
''"na.lsby  resistance  of  shunt  coil. 

^*i    "Watts  wasted  by  eddy  currents  not  calculable  directly. 

^^>    "Watts  wasted  by  magnetic  hysteresis.    The  formula  and 

""^lo  of  hysteretic  constants  given  on  p.  140  will  give  the  number 

^watts  wasted  by  hysteresis  in  well -laminated  soft-wrought 

'"-**>,  when  subjected  to  a  succession  of  cycles  of  magnetization 

^  In  the  rotating  armature  core  of  a  dynamo. 

§    9.  To  calculate  the  Electrical  Efficiency. — Multiply  together 

^"^^  \isef  ul  current  C  and  available  volu  e.  and  so  obtain  the  useful 

"■^tts.    Multiply  together  the  total  current  Co  and  total  electro- 

"^^^tive-force  E,  and  so  obtain  the  total  watts  of  gross  output. 

^'>e  electrical  efBciency  is  the  ratio  of  the  former  to  the  latter. 

■7  =  e  C  ^  E  Ca. 

*-**■  it  may  be  calculated  by  dividing  the  useful  watts  by  the  total 

**'att8  (useful  and  wasted  added  together).   The  electrical  efficiency 

^Oes  not  include  waste  by  eddy  currents,  hysteresis,  or  friction, 

J  10    To  ascertain  the  Commercial  Efficiency. — Calculate  by 
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rules  given  od  pp.  137  and  138  probable  losses  by  hysteresis  and 
eddy-currents  in  iron;  and  estimate  losses  by  friction  at  bearings 
and  by  eddy-currents  in  copper  from  data  of  tests  of  machines  of 
similar  type.  Then  divide  useful  watts  by  total  watts  including 
these  losses. 

Maqnstic  Calcdlatiokb. 

§  11.  To  calculate  the  Magnetic  Flux  through  the  Armature. — 
Measure  e,  add  lost  volte,  and  so  calculate  E;  then  multiply  by 
lO"  and  divide  by  n  and  by  Z. 

. ,      E  X  10« 

N=-;rxz- 

[Example:  An  Edison-Hopkinson  dynamo,  n  =  12'i\  Z  =  80; 
«  =  10B;  r„i„  =326;  find  N.] 

§  12.  To  calculate  the  Magnetic  Flux-denaity  Q  inan  Iron  Core. 
— Ascertain  the  magnetic  flux  N  through  that  core;  and  tbenett 
cross-section  A,  of  iron  in  that  core.    Then  divide  N  by  A. 

B  =  N-HA; 

or,  if  measures  are  given  in  square  inches, 

B„  =  N^A". 

[Example:  in  an  Edison -Hopkinson  dynamo  N  in  armature  » 
10,826,000;  A"  =  125  square  inch ;  find  B,/-] 

[Example  :  in  a  Kapp  dynamo  N  m  armature  =  6,730,000 ; 
A  =  4031  square  centimetres;  find  B.] 

S  13.  To  calculate  the  Croaa-Section  of  Iron  to  carry  a  given 
nuTuber  of  Magnetic  Linefi. — First  determine  how  many  is  the 
total  number  of  magnetic  lines  that  must  pass  through  the  arma- 
ture core  when  machine  is  at  full  work:  call  this  N.  Next,  settle 
what  is  the  advisable  value  to  give  to  the  flux-density  B.  In 
continuous  current  machines  for  incandescent  lighting  it  is  not 
usually  advisable  to  push  the  magnetization  further  than  B  ^ 
17.000  (to  the  square  centimetre),  or  B,;  =  100.000  (to  the  square 
inch).  For  arc-lighting  machinesthefliix-density  may  be  pushed 
further-  For  alternate- current  machines  a  much  lower  density 
is  desirable:  B  say  =  7000.  For  cores  of  transformers  a  density 
of  2000  to  4000  is  usual.  Having  settled  the  value  of  B  or  B„  , 
dividing  N  by  the  value  settled  will  give  the  required  sectional 
area  A  or  A". 

[Example:  in  a  certain  Phcenlx  dynamo  it  was  decided  that  Ba 
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B&ould  be  115,000  linea  per  Bquare  inch,  and  N  had  to  be  2,606,- 

(XXi;  find  A". J 

fflxample:  in  a  Eapp  alternator,  A  in  the  armature  core  was 

I03'2  square  centimetres;  assuming  B  =  6S00;  calculate  N-1 

for  calculating  the  requisite  cross-section  of  field-magnets  a 

BioulcLr  process  is  used,  but  allowance  must  be  made  for  carrying 

&  larger  number  of  magnetic  lines  (because  of  magnetic  leakage) ; 

BOd   it;  is  advisable  to  use,  even  with  wrought-iron  cores,  a  some- 

^h^ti  lower  degree  of  magnetization.     If  cast-ironcoresare  used, 

the  B^tction  will  have  to  be  nearly  twice  as  great,  as  it  is  not  ad- 

^iBa.l>]e  in  that  material  to  force  in  more  than  about  8000  lines  to 

th^  scjuare  centimetre,  or  than  about  60,000  to  the  square  inch, 

@   3.4.  ToaUow/orJfct^eftcXeculxifK.—Tn  consequence  of  mag- 

''^^ics  leakage  the  magnetic  flux  is  different  at  different  parts  of 

tl»^   X33agnetic  circuit. 

t^^sample:  in  an  Edison -Hopkinson  dyiwuno  it  was  found  that 
^  ^k^>t  10,826,000  lines  through  the  armature,  enough  magnetizing 
PC>'^^^r  had  to  be  put  on  to  make  14,289,000  lines  flow  through  the 
fi^lcl— magnet,  3,464,000  of  these  leaking  away  and  not  going 
ttix-ongh  the  armature.  This  is  as  if  out  of  every  132  linea  in 
fi^l*i -magnet,  100  only  were  useful  and  32  wasted.] 

'■*-'*^e  symbol  for  the  coefficient  of  allowance  for  leakage  is  u.  Its 
■''^»-l"»a.«  varies  in  different  dynamos  from  1-2  to  2  or  more.  In  the 
e^c«a.Ki3ple  above  given  »=  1-32.  Allowance  must  be  made  fort? 
t»»3C»^>s  N  magnetic  lines  in  the  fleld-magnet  in  order  that  there 
Bt»«»il  be  a  flux  of  N  lines  through  the  armature.  (Compare  p.  161.) 
S  35.  To  find  the  Permeability  of  Iron  at  any  stage. — Kefer  to 
ta-lsles  or  curves  (such  aa  those  given  on  pp.  125  and  138)  relating 
to  tHe  particular  brand  of  iron  under  consideration. 

T~Example :  in  armature  of  Kapp  dynamo,  when  running  on  open 
cirouit  N  =  6  730.000;  A  =  4031  square  centimetres;  find  B;  and 
^m  thia,  assuming  the  curve  for  the  iron  to  be  the  same  as  th» 
"Ppermofft  curve  in  Fir.  85,  find  m-  Also  find  B  and  f,  when,  at 
^'^  load,  N  isincrea8edupto7,170,000by  the  added  magnetizing 
^'^ior*  of  the  series  coil,] 

CExample:  in  field-ma^et  (cast  iron)  of  a  Phcenix  dynamo 
*"  =  «2  square  inches  ;  N  in  armature  =  2.606.000  ;  v  (leakage 
allow-nnce  coefficient)  =  1-36.  Calculatew  N.  then  B„;  thenflnd 
f  ^y  Inference  to  Table  II.,  p.  126,  for  cast  iron.) 
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Calculations  respectinq  Magnetic  Circuit. 

Fundamental  Law  of  Magnetic  Circuit, 

Magnetomotive-force  -r-  magnetic  reluctance  =  the  magnetic 
flux;  or,  inversely,  thus: — 

§  16.  To  calculate  the  Magnetomotive-force  requisite  to  force  a 
given  number  of  Magnetic  Lines  through  a  Definite  Magnetic 
Reluctance. — Multiply  the  number  which  represents  the  magnetic 
reluctance  by  the  number  of  magnetic  lines  that  are  to  be  forced 
through  it.  The  product  will  be  the  amount  of  the  magnetomo- 
tive-force. 

If  the  magnetic  reluctance  has  been  expressed  on  the  basis  of 
centimetre  measurements,  the  magnetomotive-force,  calculated 
in  this  way,  will  require  to  be  divided  by  1*257  (i.  e.  by  4  «•-'  10) 
to  give  the  number  of  ampere-turns  of  requisite  magnetizing 
power. 

§  17.  To  calculate  Reluctance  of  an  iron  core, 

(a)  If  dimensions  are  given  in  centimetres. — Magnetic  reluctance 
being  directly  proportional  to  length,  and  inversely  proportional  to 
sectional  area,  and  to  permeability,  the  following  is  the  formula : — 

Eeluctance  —  l-r-  A  fi\ 

but  the  value  of  /^  cannot  be  inserted  until  it  has  been  calculated 
from  B  as  above  in  §  15. 

(b)  If  dimensions  are  given  in  inches. — In  this  case  we  apply  a 
numerical  coefficient,  which  takes  into  account  the  change  of 
units  (2*54  centimetres  to  the  inch),  and  also,  at  the  same  time 
includes  the  operation  of  dividing  the  magnetomotive-force  by 
A  of  n-  (=  1*257)  to  reduce  it  to  ampere- turns.  So  the  rule  to  find 
the  reluctance  l)ecomes: — Divide  the  length  (in  inches)  by  the  area 
(in  square  inches),  and  by  the  permeability  (formed  as  above 
from  B//)i  and  then  multiply  by  0*3132.     Or  in  symbols: — 

r 

Ampere-turns  per  line  =  -r^  X  0*3132. 

[Example :  find  the  magnetic  reluctance  from  end  to  end  of  a 
bar  of  wrought  iron  10  inches  long,  with  a  cross-section  of  4 
square  inches,  on  the  supposition  that  the  magnetic  flux  (N) 
through  it  will  amount  to  440,000  lines,] 

§  18.  To  calculate  the  Total  Magnetic  Reluctance  of  the  Magnetic 
Circuit  of  a  Dynamo, — This  is  done  by  calculating  the  magnetic  re- 
luctances of  the  separate  parts  and  adding  them  together.  Account 
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iBt,  however,  be  taken  of  magnetic  lea 
lines  in  the  Seld-magnet  cores  and  yol 
n  the  simplest  case  the  magnetic  circui 
iron  in  armature  core;  (2)  air,  coppe 
«;e8;  (3)  iron  in  field-magnet.  The  perm 
^he  gap-Bpaces  may  be  taken  as  =  1. 
;es  in  question  are  respectively  writtei 


1,  Armature. . 

2.  The  Qap-HpBCeB 
8.  Magnet  cx)re    .. 


Vo  calculate  the  Amp^v-tumsof  Magr 
to  Force  the  Desired  Magnetic  Flux 
of  the  Magnetic  Citvuit. 

*J  If  the  dimeimonshavebeen  given  int 

X^re-tums  =  magnetic  flux  multiplied 
ance,  divided  by  A  of  "■  (= 

Sn  detail,  the  three  separate  amounts  o 
the  three  principal  magnetic  relucti 
*"e8sed  as  follow : — 


ttere-tums  required  to  drive 
^  lin^  through  iron  of  armature 

:()ere-turn8  required  to  drive 
s|  lines  through  the  two  gap  spaces 
^Xere-tums  required  to  drive 

N  lines  through  the  iron  of  fleld- 
raagnet 


1,  adding  up: 
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(6)  If  the  dimeneiona  are  given  in  inches,  the  rule  is: — 

Ampere-tums  =  magnetic  flux  multiplied  by  magnetic 
reluctance; 
or,  im  detail : 

Ampere-turns  required  to  drive  J 

N  lines  through  iron  of  anna-  r  "°  N  X  -^ 
ture  ) 

Ampere-tume  required  to  drivel  2^ 

N    lines    through    two    gap  r  ^  N  X  -j^ 
spaces  ■  )  * 

Ampere-tums  required  to  drivel  ^ 

V  N  lines  through  iron  of  field-  r  =^  ^  "^  A" 
magnets  ) 


Total  ampere-tums  1   ^^  q  0130  Kl 
required  )  '^    ' 

[Example:  in  «  certain  Lahmeyer  dynamo,  with  cast  iron  magnete, 
the  following  were  the  data:  N  ^  2,328,000  ;  v  =  I'll  ;  r\ 
=  6A  ;   I",  =  H  ;  Tj  ^  40  ;   A",  =  34-8   sq.  in.  ;   A",  =  69.5  ; 
A'',  —  86'fi  ;  calculate  the  required  ampere-tums.] 
In  some  forms  of  dynamo  the  magnetic  reluctances  of  pole- 
pieces  and  yokes  must  be  separately  calculated  ;  and  allowance 
must  in  some  cases  be  made  for  leakages  at  different  parts  of  the 
circuit.    Hence  a  more  careful  formula  would  be; — 

It  is  expedient  that  the  calculation  of  the  ampere-tums  should 
be  made  fwtce;  that  is  once  (using  the  value  of  N  that  corresponds 
to  the  case  of  no  tost  volts)  to  find  the  value  of  the  ampere-tums 
of  winding  to  be  put  on  the  shunt,  when  there  is  no  current 
through  the  lamps;  and  once  (using  the  higher  value  of  N  that 
corresponds  to  tlie  maximum  E)  to  find  the  increased  ampere- 
turns  that  are  required  when  the  full  current  is  being  taken  from 
the  armature.  These  will  have  to  be  provided  for  (in  compound- 
wound  machines)  by  a  series  coil  'o  compensate  for  demagnetizing 
effect  of  armature,  as  well  as  fo\  the  lost  volts. 
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\al  Ampere-tuma  Required  to  Com- 
tetizing  Action  of  the  Artnature 
es  have  a  Forward  Lead. 

uctors  on  periphery,  between  the 
i  actual  diameter  of  commutation, 
«  flowing  through  armature.  The 
be  increased  by  a  certain  amount 
aetic  potential  which  takes  place  in 
:reased  magnetic  leakage  and  de- 
re.  This  cannot  be  estimated  with- 
ilculations  in  the  manner  shown  on 
ct  must  be  increased  from  14  to  8 
e  product  must  be  doubled.  The 
then  be  added  to  the  number  of 
lated. 


JNS    APPLIED    TO   CONTINTJOITS- 

r  Dynamos. 

ng  of  the  present  chapter,  it  is 
le  calculation  of  some  existing 
examples  are  given  here,  one 
nson  dynamo  (see  pp.  148, 152, 
Kapp  dynamo,  Plates  I.  and  II. 
ations  for  the  first  have  been 
\a  -y  those  in  the  second  in  inch 
des  of  calculation.  As  a  third 
ulation  is  given. 

SON-HOPKINBON  DyK4M0. 

aper  by  J.  and  E.  Hopkinson,  in 

.     (See  Fig.  287,  p.  122.) 

A  Drum  Armature :  33  kilowatts 
olts,  at  750  revolutions  per  minute. 
t  1000  iron  core  plates  stamped  out 
sheets  of  paper,  and  held  between 
is  secured  by  a  washer  sbniok  on 
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to  the  shaft,  and  the  other  by  a  nut  and  a  lock-nut  screwed  on 
shaft  iteelf .  Shaft  of  Beeeemer  steel,  insulated  before  cora-platee 
are  threaded  on. 


CoreMliBkB  external  diaui 

"  internal  diam 

Shaft  diam 

Radial  depth  of  iron       

Gross  length  of  core       

Total  thickness  paper  insulation. 
Nett  length  of  iron  in  core  . .  . . 
Nett  cross  section  of  iron  . .  . . 
Ditto  allowing  for  shaft 


9t  inch,  34'6    centim. 


IBJ-    "      47'4 
128A  sq.  in.  801  aq. 

123         ■'      81 


Core  is  wound  with  40  convolutions  (i.  e.  there  are  80  external 
conductors  at  periphery),  each  consisting  of  16  strands  of  copper 
wire  69  mils  or  1-753  millimetres  in  diameter  (i.  e.  15*  B,  W.  G.), 
the  convolutions  being  placed  in  two  layers  of  20  each.  Com- 
mutator, 40  bars  of  copper  insulated  with  mica:  connections  to 
armature  so  made  that  plane  of  commutation  is  horizontal  when 
circuit  is  open.  Cross-section  of  the  ahove  wire,  00037  sq.  in., 
or  23  sq.  mm. ;  total  ditto  of  each  set  of  16  wires  00592  sq.  in., 
or  38  sq,  ram.  Resistance  of  armature  from  brush  to  brush 
0.009947  ohm,  at  IBS"  Centigrade. 

Field- Magnet :  Three  forgings  of  hammered  scrap  iron,  truly 
faced,  and  bolted  together;  section  of  limbs  rectangular  with 
comers  slightly  rounded.  Stands  on  a  zinc  footstop,  over  a  cast- 
iron  hed-plato. 

Length  of  magnet  limh  

Breadth  of  limb  (parallel  to  shaft)       . .      . . 

Tliickness  of  limb      

Length  of  yoke  

Breadth  of  yoke         

Depth  of  yoke 

Distance  between  centres  of  limhe      . .     . . 

Diam.  of  bore  of  polar  faces         

Depth  of  pole-piecea        

"Width  of  pole-piece  at  narrowest  part 
Breadth  of  pole-pieces  (parallel  to  shaft)   . . 
Width  of  gap  between  pole-pieces       . .     . . 
Depth  of  edges  of  protruding  honiH    . .     . . 
Thickness  of  gap-space  (from  iron  to  iron). 

Thickness  of  zinc  footstep      

Angular  breadth  of  polar  face       

Angular  breadth  of  gap  


nch. 

Cendm. 

18 

.     45-7 

in 

.    44-45 

m 

.     Kl 

'i4i 

.    61-6 

IB 

.    48-8 

H 

.    23-3 

1.5 

.    88-1 

low 

.     27-5 

9 

.    25-4 

8f 

.    21-8 

19 

.    48-3 
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The  magnetizing  coils  are  wound  directly  on  the  limbs,  and 
consist  of  11  layers  on  each  limb  of  copper  wire  0*100  inch,  or 
^'413  mm.  diameter  (No.  13  B.  W.  G.),  having,  therefore,  cross 
section  of  0*0071  sq.  in.  or  4*573  sq.  mm.,  making  3260  convolu- 
tions in  all;  total  length  being  approximately  15,000  feet,  or  4570 
2Qetres.    Resistance  at  \%V  C.  is  16*93  ohms. 


fkxtafor  CaJcvIating  Reluctances  in  Magnetic  Circuit. 

1. — Armature  Core. 

l^  taken  as  5i  inch  or  13  cm. 
Aj  taken  as  125  sq.  in.  or  810  sq.  cm. 
3. — Ckip  Space, 

/,  is  II  inch  (=  0*59  inch),  or  1*5  cm. 
A,  taken  as  248  sq.  in.  or  1600  sq.  cm.  This  allows  29i 
sq.  inch,  or  190  sq.  cm.  for  fringing.  The  actual  area  of 
the  polar  face  is  234i  sq.  in.,  or  1513  sq.  cm.;  cmd  the 
corresponding  area  of  129°  of  surface  of  armature  core  is 
2181  sq.  in.,  or  1410  sq.  cm.  Allow,  for  fringing,  a  mar- 
gin all  round  equal  to  four-fifths  of  gap-space. 
^ — JUagnet  Limbs. 

/,  is  in  total  36  inch,  or  91*4  cm. 

A,  is  taken  at  152  sq.  inch,  or  980  sq.  cm. . 

^- 'Yoke. 

l^  is  taken  at  19i  inch,  49  cm.,  estimated  along  quadrants. 
A4  is  173i  sq.  inch,  or  1120  sq.  cm. 

^* X^ole  Pieces. 

/g  is  4A  inch,  or  11  cm.,  estimated  along  curve. 

A,  is  taken  as  190i  sq.  inch,  or  1230  sq.  cm. ;  being  mean 

^  area  between  section  of  limb  and  area  of  polar  face. 

~^^Jlficient  of  teakage  v  was  taken  by  Hopkinson  as  1*32,  but 
l>*^obably  nearer  1*4. 


Calcxtlatigns  about  this  Dtnamo. 

320  ;  e  =  105  ;  n  =  ^  =  12*5  ;  r^  =  001  ;  r.  =  16-98,  whence 
-^  r.=  6*21;  Ca=  C  h  C.  =  326;  lost  volts  =  ra  X  Ca  =  001 
=  3*26  ;  hence  E  =  6  +  ra  €«  =  10826  at  full  load.    Z  =  80. 

N  *«=;*  ^X  100,000,000       108-26  X  10       ^^  ^^^  _^ 
-n-Z-^  =    12*5  X  80-  =  10,826,000. 


X 


tj 


^^fol  watts  =  6  X  Ca  =  105  X  320  =  33,600. 
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Total  watts  =  E  X  0.      =  108-26  X  326  =  35,2«3. 
Electrical  efficiency  9      =  useful  watts  -r  total  watte. 

"  =0-952,  or  952  percent. 

Watts  lost  in  annature   =  lost  volts  X  amperes. 
=  3-26  X  326  =  1062-76. 
.Watts  lost  in  magnets     =  lost  amperes  X  volta. 

"  "  "  =  6  X  105  =  630. 

Watts  lost  by  hysteresis  =  12-5  reversals  per  sec.  in  0-7  cubic 
feet  at  18,360  for  B,  see  p.  liO. 
"  "  "  =  213. 

To  find  ampere-turns  requisite  to  magnetize.  By  %  19  above; 
S  C  =  J-;  X  10,826,000  X  the  total  magnetic  reluctance. 

This  must  be  calculated  from  the^  data  of  the  magnetic  circuit 
in  separate  parts,  as  on  p.  146.  First  find  values  of  B  in  sq>6irate 
parts  according  to  leakage  and  cross- section,  and  from  these  values 
find  corresponding  values  of ,-'  by  Table  I.,  p.  126,  or  from  Fig.  85. 

l._  Armature      ..     ..  Bi  =  13,360;  ;ii  =  1000 

3.' Magnet  limbs        .  .  Ba  =  11,250;  y-^  =    796 

4.  Yoke       B«  =  13,630;  Pt  =    895 

B.  Pole-pieces    .  .     .  .  B*  =  11,450;  fs  =  1561 

biserting  these  values  and  those  of  the  leakage  coefficients,  the 
magnetic  reluctances  come  out: — 

i.  Armature       .  .     .  . 000001605 

2.  Gap-spaces 000187600 

8.  Magnet  limbs         000015467 

4.  Yoke        000006846 

B.  Pole-pieces OOOOOOlBl 

Total  niagnetic  reluctance  .  .    000211668 
Wbenoe 

S  C  =^  X  10,826,000  X  0.00211568 


to  this  must  be  added  the  ampere-turns  needed  to  compensate  for 
demagnetizing  action  of  armature.    The  number  of  armature  caw 
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ductors  between  pole-tips  is  1 1 ;  but  as  the  diameter  of  commutation 
is  not  quite  at  the  pole-tips  we  take  9  as  the  demagnetizing  belt. 
Ifultiplying  this  by  half  the  armature  current  (163  amperes) ,  and 
by  the  leakage  coefficient  (1*32)  we  get  1936  as  the  compensating 
number,  making  total  requisite  ampere- turns  20,162.    Dividing 
this  1>y  the  number  of  amperes  of  current  allowed  in  the  shunt- 
coil  (6.21)  gives  3214  as  the  requisite  number  of  coils  S  on  the 
field-magnet.     The  actual  number  wound  on  was  3260,   which 
allo-^B  a  margin  for  regulating. 


EIXAMPLE  II. — ^Thb  Kapp  Dynamo. 

Compound-  Wound  Dynamo  with  Drum  Armature  (Over  Tffpe) 
— Output  21  kOowatts ;  200  amperes  at  105  volts.  Speed,  780 
'^'^olutions  per  minute.  (Shown  in  Fig.  259  and  Plates  I.,  11. 
^'^^  HI.)  The  Armature,  which  is  described  on  p.  807,  has  the 
follo-^ing  dimensions  : — 

Core-disks,  external  diam.        .  .  lltV  in.,  28.2  centim. 
internal  diam.        .  .      eth  ''    19 

Shaft  diam 2U   ^*      71 

Hadial  depth  of  iron 2f    ''      6 

Oross  length  of  core 16      '*    406 

TTotal  thickness  x)aper  insulation.      2}    ^*      7*3 

Kett  thickness  of  iron  in  core   .  .  13i     ^^    33*3 

INett  cross  section  of  iron,  A^  .  .  62'5  sq.  in.,  403  sq.  cm. 

Effective  length,  l^       5-5  in.,  13*9  cm. 


"^^rticulars  of  conductors,  etc. : 


dumber  of  conductors 

Breadth 

IRadial  depth 

Section  of  conductor   .  . 
Total  diam.  of  armature 
Diam.  of  bore  of  poles 
Eesistance  of  armature  (hot) 


120 

0*11  in.,  0-279  centim. 

0-208  in.,  0-528      ** 

0'046  sq.  in.,  0*297  sq.  cm. 

llfr  in.,  29-6  centim. 

lilt  in.,  30*3  centim. 

0025  ohm. 


e  commutator  has  60  segments  insulated  with  mica, 
-•^tie  conductors  are  joined  at  the  end  of  the  armature  by  120 
circular  connectors,  each  of  which  is  1.625  inch,  or  41  cm. 
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deep  and  005  inch  or  0*127  cm.  thick.    These  connectors  are 
shown  in  Plate  I. 

The  Field-Magnet  conaista  of  two  limhs  of  wrought  iron  bolted 

to  «  cast-iron  yoke  (see  Plate  II.). 


Total  length  of  limbs       30 

Breadth  parallel  to  shaft        16 

ThickncBS H      .  .     14-6 

Length  of  yoke 7        .  .     17-8 

Breadth  of  yoke        17        .  .    43-8 

Depth  of  yoke 6        .  .     16-8 

Distance  between  centres  of  limba       ..  18i 

Diam.  of  bore     lliJ 

Depth  of  pole-piei-ea 12 

Width  of  pole-piece  at  narrowest  part,  ,  3ii 

Effective  length  of  limbs  h 23 

Section  of  limbs  A, 105  sq.  in.  677sq.Clii. 

Angle  subtended  by  polar  face,  136°, 

Coefficient  of  leakage,  1-3  at  no  load;  1-4  at  full  load. 


The  shunt  winding  consists  of  round  copper  wire  of  0.066  inch 
or  0.165  cm.  in  diameter,  covered  by  insulation  which  increases 
its  diameter  to  0Q8  inch  or  0-2  cm.  There  are  eleven  layers  of 
this  wire  on  each  limb,  and  the  twolimbs  are  connected  in  seriee. 
Each  layer  contains  139  turns  of  wire,  so  that  there  are  3058 
turns  of  wire  on  the  shunt  circuit 

The  aeriea  winding  consists  of  twenty-three  turns  of  copper 
tape,  whose  section  is  0480"  X  0*130"  =  0'0684  sq.  in.  or  0-402  sq. 
cm.  on  each  limb;  and  the  two  limbsare  connected  in  parallel. 

The  resistance  (hot)  of  the  armature  =  0-02S  ohm. 

The  resistance  (hot)  of  the  shunt  winding  =  301  ohms. 

The  resistance  (hot)  of  the  series  winding  =  00079  ohm. 

Two  complete  sets  of  calculations  will  now  be  made,  the  first  of 
which  applies  to  the  machine  when  run  at  no  load ;  and  the  second 
set  when  run  at  the  full  load  of  200  amperes.  In  the  first  case, 
practically  the  whole  E.  M.  F.  generated  in  the  armature  is  avail- 
able at  the  terminals,  and  there  are  no  armature  reactions.  In 
the  second  case  there  is  a  fall  of  E.  M.  F.  over  the  resistance  of 
the  armature,  and  there  are  armature  reactions  which  distort  the 
field  and  produce  demagnetization.  To  counterbalance  these  two 
effects  is  the  function  of  the  series  winding. 
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Pra.  299.— The  Kapf  Dynamo. 


Calculations  on  Open  Circuit, 


^t^e  calculations  in  this  case  will  be  made  throughout  in  inch 
**»ectsure. 

-A^RHATUKB. — The  first  operation  is  to  And  the  number  of  lines 
^  force  that  must  be  passing  through  the  armature  in  order  that 
**S  vctts  ehaU  be  generated  in  it. 
taking  the  formula 

KI  =      60  X  10*  X  E 
Z  +  revs,  per  min. 
^'**-<S  substituting  the  values  given  above 

M  -  60>O f^  X  105 
•^  120  X  7H0 

=  6,732,000 f^ 

JJ_Vol.  3 
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This  gives  the  number  of  lines  passing  throttgh  the  armature, — 
Dividing  the  above  figure  by  the  sectional  area  of  the  armature, 
we  obtain  the  number  of  lines  passing  through  each  square  inch 
of  the  armature  ;  this  is  denoted  by  the  letter  Bi. 

Q    _  6,732,000 
^^  -      62-5 

=  107,600 {h) 

This  gives  the  flux-density  in  the  armature. — On  reference  to 
the  curve  for  wrought  iron  connecting  ^1  and  Bi  (p.  125)  we  find 
that  at  this  fiux-density 

f^i  =  210 (e) 

Field-Magnets. — To  find  the  number  of  lines  passing  through 
the  field-magnets  it  is  only  necessary  to  multiply  the  value  (a)  by 
the  coeflBcient  of  leakage,  which  by  experiment  has  been  foimd 
to  be  about  1*3  in  this  class  of  machine. 

Na  =  6,732,000X1-3 

=  8,750,000 (d) 

This  value  divided  by  the  sectional  areas  of  magnet-limbs  and 
yoke  respectively  gives  the  flux-densities  through  them.     Thus 

P    _  8,750,000 
^^  ~        105 

=  83,330 (6) 

This  is  the  flux-density  in  the  magnet-limbs^  and  on  reference 
to  Hopkinson's  curve  this  corresponds  to  a 

/'a  =  1230 (/) 

And  in  the  yoke  whose  cross-section  is  180  sq.  in. 

P    _  8,750,000 
^3  ~       180 

=  48,610 {g\ 

This  is  the  flux-density  in  the  yoke,  and  on  reference  to  Hopkin- 
son^s  curve  for  cast-iron,  this  corresponds  to  a  permeability 

/'a  ="125 {h) 

It  will  be  noticed  in  these  calculations  that  the  pole-pieces  are 
included  in  the  magnet-limbs,  which  may  be  done  without  appre- 
ciable error  in  this  type  of  machine. 
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Haonetio  Reluctancb. — The  next  step  is  to  find  the  ampere- 
turns  per  line  needed  for  each  part  of  the  magnetic  circuit,  and 
tbJs  is  done  by  substituting  the  values  for  the  length,  section  and 
/fin  the  reluctance  formula  given  on  p.  350,  viz.  :— 


X  0-3132. 


80  'We  get  for  the 


Armature 


XCagnet  limbs 


TToke 


6-5X  0j;3133 
210  X  62-6 
00001312 .     .     . 
2X  23_X  0-3132 
1230  X  105 

00001115  .     .     . 

7  X  0-3132 
125  X  180 
000009743     .     . 


CO 


...(/) 


(*) 


r-pop. — ^The  length  of  ecu^h  air-gap  is  A'',  but  the  area  of  the 
face  must  be  found  by  calculation  from  the  diameter  of  the 
let  bore,  the  angle  subtended  by  the  polar  face,  and  the 
th  of  the  magnet,  thus: — 

A,ea-15X.dxg» 

15  X  8  1416  X  IIH  X  135 
^  360 

B=  211  square  inches. 

^^VDrr«rf«m/or  Fringing, — To  correct  for  fringing  the  following 
practical  rule: — Add  to  the  actual  area  of  the  polar  fa^^  an 
whose  length  is  equal  to  the  perip?iery  of  the  polar  face^  and 
breadth  is  equal  to  the  length  of  the  air-gap  multiplied  by  OS, 
e  periphery  in  the  above  case  is  15"  +  14"  +  15"  +  14"  and 
'*^ap  is  ^".    The  correction  for  fringing  is,  therefore, 

(15  + 14  + 15  +  14)  X  A  X  0-8  =  20-3  square  inches        (t) 

lC  effective  area  of  the  polar  face  is,  therefore, 
211  +  20-3  =  231-3  square  inches. 

2  X  AX 0-3132 


•\  reluctance  of  air-gaps  = 


231-3 
=  0-001185  . 


(m) 


3^2 
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Calculated  Ampere-turns. 

The  next  and  final  step  is  to  find  the  number  of  ampere-turns, 
or  magnetomotive-force,  required  to  drive  the  given  number  of 
lines  through  the  different  portions  of  the  magnetic  circuit.  This 
is  found  by  multiplying  the  number  of  lines  in  any  part  by  the 
magnetic  reluctance  of  that  part,  thus : — 

Armature  (ampere-turns)  S  C  =  6,732,000  X  00001312 

=  883-5 (n) 

Air-gaps  S  C  =  6,732,000  X  0001185 

=  7,975 (o) 

Magnet  limDS  S  C  =  8,750,000  X  00001115 

=  9761 /;) 

Yoke  S  C  =  8,750,000  X  0-00009743 

=  852-5        C^ 


Summary. 

Ampere-turns  required  for  armature 

air-gaps 
magnet  limbs 
yoke 


(4 
44 
4( 


44 
44 


883-5 

7,975-0 

9761 

852-5 


Total 10,6871 

Our  calculations,  then,  lead  us  to  the  conclusion  that  there  musi 
be  10687*1  ampere-turns  wound  on  the  shunt  circuit,  in  order  to 
drive  sufficient  lines  through  the  armature  to  enable  the  dynamo 
to  give  105  volts  on  open  circuit  at  a  speed  of  780  revolutions  per 
minute.  Let  us  see  how  this  result  agrees  with  what  actually 
exists  on  the  machine 


Actual  Ampere-turns. 

The  resistance  of  the  shunt  circuit  is  30  - 1  ohms,  and  the  pressure 
at  its  terminals  of  105  yolts.  The  current  flowing  through  the 
shunt  is,  therefore, 

C.=  ^=3--.S8   jnperes (r) 


ISO  KrcawATT   Street— Tramwat  Generator; 

28S  AKEERES  At  5aSVotT5,AT200REVS.LPER.MlN„ 

"Designed..by  WH.F.  ParahaJl. 
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and  as  there  are  3058  turns  of  ^nre,  the  number  of  ampere-turns 
on  the  field-magnet  is 

S  C  =  3058  X  3-488  =  10,670,     ....(«) 

which  agrees  almost  exactly  with  the  figure  obtained  by  calculation. 

Calculations  at  Full  Load. 

Since  there  is  now  a  current  of  rather  over  200  amperes  flowing 
through  the  armature  and  series  coils,  there  is  necessarily  a  fall  of 
pressure  there,  and  as  the  terminal  pressure  must  remain  the 
same  as 'before,  the  dynamo  is  called  upon  to  generate  a  pressure 
equal  to  the  sum  of  these  two.  The  fall  of  pressure  in  the  arma- 
ture and  series  ooils  is  obtained  by  multiplying  their  resistance 
by  the  current. 

Thus  200  (0025  -h  00079)  =  658  volts. 
Therefore,  the  total  E.M.F.   required  to  be  generated  by  the 
dynamo  is 

E.M.F.  =  105  +  6-58  =  111-58  volts. 

A  similar  set  of  calculations  to  the  previous  ones  must  now  be 
made,  assuming  the  new  value  of  the  E.M.F.  thus 

■ 

T-       *u         u  .  M/        60  X  10»  X  111-58 

Idnee  through  armature         N    =  — 


Flux-density  in  armature       B'l  = 


780  X  120 
=  7,153,000       •    .     .     (a*) 
7,153,000 


62-5 


=  114,500  .  •  .  .  CO 
Corresponding  to  ^\  =  100  .    .    .    .    (o^ 

Lines  through  field-magnets  W^  ==  7,153,000  X  1'8 

=  9,298,000       ..•(*) 

Flux-density  in  limbs  R'   =M?5:P2? 

^  •  105 

=  88,650  .  ...  iff) 
Corresponding  to  /»',  =  950  ....    (/) 

Flux-density  in  yoke  R'   =  9,298,000 

^  ^^  180 

=  51,660  .  .  .  .  (flO 
Corresponding  to  ^3  =  95  ....    (fc*) 
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Hagnet-limbs 


SB  X  0-3138 
■"  100  X  62-6 
=  0-0002766     ....(*) 

2  X  23  X  0-3138 


960  X  lOS 
« 0-0001444  .     .     -     tf) 

Yoke  «I>10B12 

95X180 
-00001218    .     ...     (ft) 
Air-gaps  =0001185  (as  beEore). 

Calcdiated  Ahpbbb-tdrns. 

Armature  8  C  =  0-0O02766  X  7,lff8,000 

=  1,973 OO 

Air-gaps  SO-  00011850  X  7,163,000 

=-8,474  .     .     .     .     «0 

Uagnet-UmbB  8  C  =  00001444  X  9,298,000 

=  1,343  .  .  .  .  (lO 
Toto  S  C  =  00001218  X  9,298,000 

=  1133  .     .     .     .     (rt 

SUHHABT. 

Ampere-tuma  required  for  armature  « 1,973 

"  •'  air-gaps  =  8,474 

"  "  magnet-limbs  —1,843 

"  •  yoke  « 1,138 

Total      18,981 

It  is  thus  seen  that  12,921  ampera-turoB  must  be  used  instead  of 
10,687,  in  order  to  compensate  for  the  lost  volte  in  the  armature. 
But  even  this  increased  number  will  not  be  sufficient  to  bring 
about  the  required  result,  owing  to  the  demagnetizing  effect  which 
the  armature  exercises.  It  is  found  that  there  are  eight  conduc- 
tors in  the  angle  of  lead  at  full  load.  This  number  multiplied  by 
the  curi-ent  gives  us  1600  demagnetizing  ampere-turns.  Now  we 
Bee  from  (n")  and  (o')  above  that  the  magnetic  potential  between 
the  polepiecesrequired  to  drive  the  flux  through  the  armatureand 
air-gaps  is  that  of  10,446  ampere-turns.  To  this  must  be  added  a 
potential  equivalent  to  1600  ampere-tums  to  overcome  the  de- 
magnetizing effect  of  the  armature.    Now  if  the  difference  of 
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znagnetic  potential  between  the  poles  is  raised  in  this  way  the 

magnetic  leakage  will  be  raised  proportionately.    The  coefficient 

of  leakage  will  therefore  be  nearer  1*4  than  13.    Thismeans  that 

the  flux  through  the  limbs  and  yoke  is  increased  to  about  10,000,* 

W  lines.    Taking  the  flux  density  in  the  limbs  a;b  95,000  and  in 

the  yoke  at  55,000,  we  have  /^'s  and  fi\  reduced  to  about  750  and 

75  reBpectively,  and  the  ampere-turns  required  for  these  parts 

increased  to  800  and  1500  respectively.     Adding  together  the 

ampere-turns  required  to  overcome  the  demagnetizing  effect,  and 

the  reluctances  of  the  air-gaps,  armature,  limbs  and  yoke,  we  get 

atot€d  of  15,300. 

Having  now  completed  the  calculations,  let  us  set  them  down 
in  ct  model  schedule  for  use  in  future  designs. 


Armature 
Air-gapB..     .. 
Magnet-limbs 
Yoke 


B, 


#/ 


107,600 
29,000 
83,880 
48,610 


210 

1 

1,280 

125 


Reluctance. 


00001812 
0001185 
0-0001115 
0-0000074 


Ampere-turns 
required. 


Total     . .     . . 


888-5 
7,975 
976 
852-5 


10,687 


i\ 


3 


Armature 
Air-gaps..     ., 
Magnet-limbs 
Yoke 


•         •  • 


114,500 
81,000 
95,000 
55,000 


100 

1 

750 

75 


00002756 
0-001185 
0-000180 
0-000150 


1,972 
8,474 
1,800 
1,500 


18,746 
Required  to  counteract  demagnetization  -»   1,600 


Total 


15,846 


Actual  Ampere-turns. 

^^t>  us  compare  this  with  what  actually  exists  on  the  dynamo^ 
aad  -w^e  find 

^^pere-tums  of  shunt- winding        .  .     .  .    =  10,670  (as  before) 
"  series  winding  (23  X  200)     «=    4,600 


Total 


•  •    •  • 


15,270 
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In  practice  the  number  of  series  ampere-turns  cannot  be  fore- 
told with  the  accuracy  shown  by  the  above  figures.  The  usual 
course  is  to  wind  upon  the  dynamo  the  approximate  number  of 
series  turns,  and  by  running  the  machine  find  by  experiment 
exactly  how  many  ampere-turns  are  required  to  keep  the  volts 
at  the  desired  amount  at  full  load,  and  then  the  series  winding  is 
adjusted  accordingly. 

Example  III.  (already  partly  considered  on  pp.  340  to  344). 

Design  of  a  single-field  compound- wound  dynamo,  with  drum 
armature.  Output  200  amperes  at  55  volts  at  1140  revolutions 
per  minute.     It  is  required  to  find  the  appropriate  field-magnet. 

Armature. — Built  up  of  core-disks,  separated  by  varnished 
manilla  paper  fixed  by  end-clamping  upon  a  three- webbed  sleeve  of 
gun-metal.  Shaft  of  Siemens  steel.  Commutator  36  parts.  Con- 
ductors 72  all  round  periphery,  in  one  layer.  Hence  at  full  load  ^ 
must  be  about  4,170,000  lines;  and  at  90,000  lines  to  square  inch 
this  needs  a  nett  cross-section  of  45  square  inches  in  core.  Core 
disks,  7i  inches  exterior  diameter,  4i  inches  interior  diameter,  in 
sufficient  numbers  to  make  up  total  nett  length  of  15  inches.  Core 
disks  are  28  mils  (i.  e.  No.  22  S.  W.G.)  thick,  so  that  about  536  of 
them  are  needed.  Conductor,  a  stranded  wire  of  7  No.  13,  overspun 
1;ogether  with  double  cotton  covering,  and  already  lightly  varnished 
-with  Scott's  rubber  varnish.  Resistance  of  armature  from  brush  to 
brush  0  007  ohm;  length  of  armature  winding,  approximately  52 
yards. 

Field-magnets. — Horizontal  limbs  of  best  cast  iron  carefully 
annealed,  lower  one  forming  part  of  bed -plate  casting.  Section 
widening  from  lips  so  as  to  have  section  194  square  inches,  and  at 
parts  furthest  from  armature  16i  inches  wide  by  11  inches  deep, 
being  bored  out  to  receive  the  ends  of  the  wrought-iron  magnet 
core,  which  is  a  round  forging,  lOi  inches  diameter,  turned  down 
at  its  ends  to  10  inches  diameter,  where  it  is  insei-ted  into  the  hori- 
zontal pole-pieces.  The  finished  machine  generally  resembles 
Fig.  102,  p.  163,  but  is  more  massive  in  the  field-magnets. 

To  find  the  proper  length  for  this  core,  first  make  an  approxi- 
mate estimate  of  the  needed  number  of  ampere- turns,  and  thence 
calculate  the  quantity  of  windings  and  the  proper  length  of  core  to 
receive  the  wire.  Then  design  the  magnetic  circuit  to  be  as  contpact 
as  possible  ;  and  having  so  settled  the  sizes  of  the  parts,  calculate 
more  exactly,  as  in  the  preceding  example,  the  requisite  number 
of  ampere-turns  to  be  provided  on  open  circuit  and  at  full  load. 

An  example  of  a  very  detailed  calculation  of  a  dynamo  is  given 
by  Wiener  in  the  Electrical  World,  xxv.  662,  June  8,  1895. 

Experienced  designers,  accustomed  to  work  at  particular  types 
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of  tnaobine,  and  with  particular  brands  of  iron,  are  able  to  simplify 

<iow^n  their  methods  of  calculation.    They  will,  for  example,  settle 

bjr  experience  to  design  their  machines  to  work  at  certain  definite 

Hujc-densities  in  cores  of  armature  and  of  magnets — hence  at 

tno-wn  permeabilities.     They  can  then  fix  the  number  of  ampere- 

tunis  needed  per  inch  of  length  in  each  part  of  the  magnetic 

circ"u.it;  and  with  the  drawings  before  them  can  in  a  few  momenta 

detonnine  the  total  ampere-turns  needed  for  excitation. 


Useful  Points  in  Designing. 

Peripheral  Speeds, — The  usual  peripheral  speeds  appear 

tc»  "b^  from  2700  to  8000  feet  per  minute  (i.  e.  12  to  15  meters 

P^^     second)   for   drums   and  cylindrical  rings.     For  drum 

*^^irij\tui-es  destined  for  an  output  of  K  kilowatts,  the  suitable 

^P^ed  may  be  calculated  by  the  formula  «  =  8000  K  -7-  K  +  1. 

^  ^^1*   large  low-speed  ring  machines  we  may  take  «  ::=  2700  K 

"^    IC  +  5.     Esson  maintains  that  6000  feet  per  second  can 

**^     Safely  attained  in  Large   machines.     For  discoidal  rings 

^^'^^^    disk  armatures,  8000  to  5000  feet  per  minute  is  usual. 

^  ^i^i^nti's  15-foot  armatures  (Fig.  418)  have  peripheral  speed 

^^  ^400  feet  per  second.    Those  alternatoi*s  in  which  the  field- 

'^^S^et  revolves  may  have  higher  peripheral  speeds  without 

^^*^    of  flying  to  pieces,  some  going  over  7000  feet  per  minute. 

^    "t-lie  Niagara  alternators  the  speed  is  7854  feet  per  minute. 

^^ore-disks — These  are  usually  from  25  to  50  mils  in  thick* 

^^•^,  in  continuous-current  dynamos  and  motors.     For  alter- 

^^*~     f-K;urrent  machines  some  makera  use  thinner  stampings. 

or  rings,  the  ratio  used  in  practice  between  the  external 

.  ^^i    internal  diameters  is  from  10  to  8  in  small  rings  to  10  to  7 

-l^^rge  rings.     In  Brown's  4-pole  rings  (Fig.  276)  the  ratio 

^^  1 0  to  7  ;  in  his  8-pole  rings  (Fig.  279)  about  10  to  8.     In 

^^^•^Qens'  machines  with  internal  magnets  (Plate  VIII.)  the 


^^^^^C3  is  about  10  to  9.     In  machines  with  cast-iron  magnets, 
5^^    Tings  are  usually  made  with  a  less  radial  depth  of  iron 
^^^^  in  machines  of  wrought  iron. 

^^or  bipolar  drums,  the  usuaVratio  of  external  and  internal 

^^f^noeters  is  10  to  8.    In  Kapp's  2-pole  machine  (Plate  I.) 

wi^    ratio  is  7  to  4.     For  multipolar  drums  greater  internal 
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space  is  usual.    In  Brown's  6-pole  drum  (Fig.  240)  the  ratio 
is  5  to  3. 

Proper  Fbtx-density. — The  limiting  values  to  which  it  is 
found  expedient  in  practice  to  push  the  flux-density  have 
been  several  times  alluded  to.  The  values  of  B  ^^  here 
tabulated  for  convenience.  As  arule  the  higher  flux-densities 
are  admissible  in  the  larger  sizes  only.'  It  seems  to  be  recog- 
nized that  the  flux-density  in  the  gap-space  may  be  higher  if 
the  poles  are  of  wi-ought  iron  or  mild  steel  than  if  they  are 
of  cast  iron. 


Lli>eaper>q.om. 

SpoctoiofDrumo. 

iDinnatuni. 

taOftj-Space. 

inFieid.ii>Kn«.       1 

"ts" 

a; 

Constant  Potential 
Machines 

8-Pole  Drum  . .     .. 

10,000  to 
16,000 

S,S00to 

6,500 

13,000  to 
17,000 

6.000  to 
8,000 

2-Pole  Ring  Goog). . 

12.000  to 
16,000 

S,B00to 
5,000 

12.000  to 
17,000 

6,000  to 
8,000 

Multipolar  Rings  . . 

10.000  to 
15.000 

8,000  to 

8,500 

12.000  to 
17,000 

6,000  to 
8,000 

Are-IAgM  MaeUnn 

17.000  to 
20,000 

8.000  to 

7,000 

17.000  to 
20.000 

6.000  to 
10.000 

Aceumulaior-charging 
Xachinea. 

10,000  to 
18,000 

4.000  to 
6,000 

10,000  to 
16,000 

6,000  to 
7,000 

Multipolar  Ring    .. 

8,000  to 
6,500 

2,500  to 
4.000 

13,000  to 
17.000 

6,000  to 
8,000 

„          Drum  ,. 

6,000  to 

7,000 

2,500  to 
3.000 

12,000  to 
17,000 

6,000  to 
8,000 

CoreleasDisk..     .. 

5,000 

8,000 

12,000 

6,000 

Specific  Utilization  of  Copper. — Those  machines  in  which 
the  material  is  used  to  the  greatest  advantage  will  have  the 
largest  output  in  proportion  to  weight.    Considering  the 

■  See  sUtiatIca  by  Wiener  in  EUclHeal  World,  xxltl.  718, 1804,  where, 
however,  Weth  on  cores  are  erroneously  regarded  as  causing  leakage  throu^ 
the  armature. 
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copper  ill  the  armature  only,  the  number  of  watts  of  output 

per  lb.  of  copper  will  obviously  be  greater  the  denser  the  field 

and  the  higher  the  linear  speed.     Taking  an  average  field  of 

about  3000  lines  per  sq.  cm.,  the  watts  per  lb.  of  copper  vary 

/rom  below  100  in  multipolar  ring  slow-speed  machines  to 

500  or  600  in  bipolar  drum  high-tjpeed  machines. 

riie  length  of  wire  to  produce  a  given  voltage  at  a  given 

speed  is  a  measure  (inversely)  of  the  density  of  magnetic 

field.    The   following  are   examples  of   2-pole  drum-wound 

dynamos  : — Edison-Hopkinson,  at  750  revolutions  per  minute, 

takos  19   inches   per  volt ;  Kapp   at  780    revolutions  per 

•^iixute,  35  inches  per  volt ;  Thomson-Houston  arc-lighter,  at 

^dO  revolutions  per  minute,  148  inches  per  volt.     With  a 

t>^ripheral  speed  of  3000  ft.  per  minute,  in  a  field  where  the  flux 

<lensity  is  6000,  each  inch  of  conductor  generates  about  \  volt. 

*SVz«  of  Wire  for  Winding  Armatures, — This  will  be  further 

^iso^issed  under  heading  of  permissible   heating.     Modern 

P^"^^otice  allows  from  2000  to  3000  amperes  per  square  inch,  in 

^o^^ciuctors  of  ring-armatures,  and  even  up  to  4000  amperes 

P^^  equare  inch  in  those  with  single-layer  surface  winding; 

f^^^ti  in  the  magnet  coils  only  about  2000  amperes  per  square 

^^^^1^.    Esson  ^  has  given  a  useful  table  of  usual  sizes  of  wire 

in  winding  armatures  to  run  at  usual  speeds,  together 

the  number  of  layers  of  each  that  may  be  used  for  these 

i*erits  without  overheating. 

Teating    of  Magnetic  Coils. — All   field-magnet    coils   are 

*^l>3e  to  heat,  because  even  the  purest  copper  offera  resist- 

^*i^ce.     If  it  be  assumed  that  the  thickness  of  the  insulation 

^   proportional  to  the  thickness  of  the  wire  on  which  it  is 

^c>nri^j^  it  follows  that  the  weight  of  copper  in  a  coil  filling 

*  ^^^bbin  of  given  dimensions  will  be  the    same,  whether  a 

tniclc  wire  or  a  thin  one  be  employed.     Further,  for  a  given 

^^lutne  to  be  filled  with  coils,  the  number  of  ohms  of  resist- 

^ce  of  the  coil  will  vary  directly  as  the  square  of  the  number 

V  ^U9-7M  in  the  coil.     For  if  a  coil  wound  with  100  turns  of  a 

g^Verx  gauge  be  rewound  with  200  turns  of  wire  having  half 

the  Sectional  area,  the  resistance  of  this  new  winding  will 

oWioiisly  be  four  times  as  great  as  that  of  the  original  wind- 

^Elec.  Review,  xxvii.  546  (1891). 
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ing.  AIho,  bj  a  similar  argument,  it  follows  that  the  resiBt- 
aiice  of  a  coil  otgiven  volume  will  vary  invenely  at  the  sqvurt 
of  the  teclional  area  of  the  wire  used.  And  as  this  area  is 
proportional  to  the  square  of  the  diameter  of  the  wire,  it 
follows  that  the  resistance  is  inversely  proportional  to  the 
fourth  power  of  the  diameter  of  the  wire  used.  (See  also  Ap- 
pendix A.) 

The  amount  of  heat  developed  per  second  in  a  coil  is  the 
product  of  the  i-esistance  into  the  square  of  the  stiength  of 
the  current.  To  avoid  waste,  therefore,  no  unnecessary  re- 
sistance should  be  introduced  into  any  main-circuit  coil.  It 
is  easy  to  show  that  with  a  coil  of  given  volume,  the  beat- 
waste  is  the  same  for  the  same  magnetizing  power,  no  matter 
whether  the  coil  consists  of  few  windings  of  thick  wire  or 
many  windings  of  thin  wire.  The  heat  per  second  is  C*  r,  and 
the  magnetizing  power  is  S  C ;  C  being  tlie  current,  r  the 
I'csistance,  and  S  the  number  of  turns.  But  r  vaiies  as 
the  square  of  S,  if  the  volume  occupied  by  the  coils  is  con- 
stant. For  suppose  we  double  the  number  of  coils,  and  halve 
the  cross-sectional  area  of  the  wire,  each  foot  of  the  thinner 
wire  will  offer  twice  as  much  resistance  as  before;  and  there 
are  twice  as  many  feet  of  wire.  The  resistance  is  quadrupled 
therefore.  The  heat  is  then  proportional  to  C  S*:  and 
therefore  the  heat  is  proportional  to  the  square  of  the  mag^ 
netizing  power.  If,  therefore,  we  apply  the  same  magnetiz- 
ing power  by  means  of  the  coil,  tlie  heat-waste  is  the  same, 
however  the  coil  is  wound.  To  magnetize  the  field-magnets 
of  a  dynamo  to  the  same  degree  of  intensity  requires  the 
same  expenditure  of  electric  energy,  whether  they  are  series 
wound  or  shunt  wound,  provided  the  volume  is  the  same. 

A  simple  way  of  looking  at  this  matter  is  to  regard  tlie 
whole  windhig  as  consisting  of  one  turn,  there  being  a  current, 
equal  to  the  total  ampere-turns,  going  only  once  round.  Then 
this  current  divided  by  the  total  cross  section  of  copper  gives 
the  current-density.  We  then  see  that  for  equal-sized  bobbins 
(containing  the  same  amount  of  copper)  the  magnetizing  effect 
is  simply  proportional  to  the  cun-ent  density.  Further,  the 
power  wasted  per  lb,  of  copper  is  proportional  to  the  square  of 
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the  correntrdensity.  The  following  table  gives  the  waste  in 
'^atts  for  different  current-densities  in  both  inch  and  centi- 
metre measure.  The  temperature  of  the  coil  is  taken  at 
80°  C.,  at  which  temperature  tlie  resistance  of  an  inch  cube 
of  copper  may  be  taken  at  0*7  X  10-^  ohm. 


Loss  OF  Power  in  Copper  Conductors  at  Different 

CURRENT-DENSmSS. 


Current-density. 

Wfttts  oonrerted  Into  Heat. 

Amperes  per 
sq.  In. 

Amperes  per 
sq.  cm. 

Per  cubic  in. 
of  Copper. 

Per  cubic  cm. 
of  Copper. 

Per  lb.  of 
Copper. 

1000 
1500 

aooo 

2500 
8000 
8500 

4000 

i 

155 
282 
810 
887 
465 
542 
620 

0-7 
1*57 
2*8 
4*87 
6*3 
8*5 
11*2 

0  042 
0006 
0  171 
0*266 
0-884 
0*510 
0*688 

217 
4*88 
8*71 
18*69 
10*50 
26*48 
84*88 

If  the  volume,  of  the  coil  (and  the  weight  of  copper  in  it) 
^*y  be  increased,  then  the  heat-waste  may  be  proportionally 
lessened.  For  example,  suppose  a  shunt  coil  of  resistance  r 
'^  S  turns ;  if  we  wind  on  another  S  turns  in  addition,  the 
^^gnetizing  power  will  remain  nearly  the  same,  though  the 
^wiTent  will  be  cut  down  to  one-half  owing  to  the  doubling  of 
^e  reaistance ;  and  the  heat-loss  will  be  halved,  for  2  rX  ( JC)* 

'^  ia  assumed  in  the  foregoing  argument  that  we  get  double 
^^  n.vimber  of  turns  on  if  we  halve  the  sectional  area  of  the 
^^Pp^-r  wire.  This  is  not  quite  true,  because  the  thickness  of 
the  insulating  covering  bears  a  greater  ratio  to  the  diameter 
01  tH^  ^ire  for  wires  of  small  gauge  than  for  wires  of  large 
^^8re.  In  designing  dynamos,  moreover,  one  ought  to  be 
S^^d^d  by  the  question  of  economy,  not  by  the  accident  of 
^"^re  being  only  a  certain  volume  left  for  winding.  If  there 
^  ^^^\iflBcient  space  round  the  cores  to  wind  on  the  amount  of 
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wire  that  economy  dictates,  new  cores  should  be  prepared 
having  a  suflBcient  length  to  receive  the  wire  which  is  economi- 
cally  appropriate. 

In  order  to  calculate  the  diameter  of  the  wire  to  be  used  in 
a  shunt  coil,  we  must  fii'st  estimate  the  mean  length  of  one 
turn.  This  can  be  done  with  considerable  accuracy  when  the 
circumference  of  the  iron  limb  and  the  approximate  depth  of 
winding  are  known.  The  diameter  of  the  wire  d  must  be 
such  that  the  resistance  p  of  one  turn  divided  into  the  volts 
at  the  terminals  of  the  shunt  will  give  the  total  ampere-tuius 
required,  or  in  symbols 


SC=1. 
p 

If  the  bobbins  are  to  be  circular  and  of  mean  diameter  ^  we 
know  that 

^=JgJLxl-9xlO-«. 

Hence  the  diameter  of  the  wire  in  centimetres  will  be 

A^^  /SCX^X4xr9 
V  exl0« 

Example, — ^What  thickness  of  copper  wire  must  be  used  to 
wind  a  pair  of  shunt  coils  in  order  to  obtain  an  aggregate  of  18,930 
ampere-turns,  the  winding  on  each  cylindrical  bobbin  having  a 
mean  diameter  of  17  centimetres,  if  the  pressure  at  the  terminals 
of  the  magnet  is  intended  to  be  100  volts  (the  two  coils  being  in 
series  with  each  other).     Ansiver :  0  166  cm. 

We  have  taken  the  resistance  of  a  centimetre  cube  of 
copper  to  be  1-9  X  10  -«  ohm.  at  60°  C.  The  figure  will  of 
course  vary  with  the  temperature  of  the  coil.  If  the  measure* 
ments  are  expressed  in  inches,  we  have 


d,,  =  ./S  ex  ^«X  4x0-75 


eXlO« 

If  no  special  limit  of  temperature-rise  is  prescribed,  then 
the  dominant  consideration  that  governs  the  length  of  wire 
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used  in  winding  is  the  amount  of  energy  that  may  be  wasted 
in  magnetizing.  If  a  temperature-limit  is  prescribed,  then 
there  must  be  provided  a  cooling-surface  proportional  to  the 
energy  that  is  wasted  in  the  magnetizing  coil.  Experience 
shows  that  if  the  heating  is  not  to  exceed  20°  to  25**  (Cent.) 
above  atmospheric  temperature,  at  least  2]  square  inches  of 
external  surface  of  coil  must  be  allowed  for  each  watt  wasted 
by  the  coil's  resistance.  Or,  convereely,  if  a  bobbin  has  room 
fop  a  coil  of  only  a  certain  amount  of  surface,  a  winding  must 
be  chosen  such  that  it  will  waste  only  one  watt  for  each  2J 
square  inches  of  surface. 

For  shunt  coils  the  length,  and  therefore  the  volume,  is 
dictated  solely  by  reiisons  of  economy.  It  is  usual  to  allow 
25  to  40  yards  per  volt. 

Permissible  ff eating  and   Surface  of  Emission. — In  order 

that  any  coil  may  not  overheat  it  must  have  sufficient  surface 

leiatively  to  the  amount  of  heat  developed  in  it  by  the  current. 

-ifi  the  Brush  arc  dynamo,  2  sq.  inches  of  surface  per  watt  lost 

^^  allowed  in  the  field-magnets,  and  0*9  sq.  inches  in  the 

l^nnatures ;    in   the   Thomson-Houston   armature,   1*66    sg. 

belles.     The  relation  between  the  heat  developed,  the  surface 

Oa  ©mission,  and  the  resulting  rise  of  temperature  has  been  in- 

vestigated  by  Forbes,  Esson  and  others.     Esson   finds  that 

TOni    surfaces  consisting  of  wire   double  cotton-covered  and 

^*J*nished  heat  will  be  emitted  at  the  rate  of  ^\-^  of  a  watt^ 

Irom  1  square  centimetre  if  warmed  1°  C.  al)ove  the  surround- 

^^S    atmosphere.     Within  the  mnge   of  ordinary  heating  it 

^*y  V>e  assumed  that  the  rate  of  emission  is  proportional  to 

the  ©access  of  temperature  over  the  surrounding  air. 

yt^e  vsatt  is  tke  unit  of  rate  of  expenditure  of  energy,  and  is  equal  to  ten 

niuUoix  ergs  per  second,  or  to  ^Jg  ot  a  liorse-power.     A  current  of  one  ampere 

flowing  through  a  resistance  of  one  oiim,  spends  energy  in  lieating  at  the  rate 

ot  on^  ^att.    One  watt  is  equivalent  to  0*24  calories  per  second,  of  heat. 

*^^  is  to  say,  the  heat  developed  in  one  second,  by  expenditure  of  energy 

**  the  rate  of  one  watt,  would  suffice  to  warm  one  gramme  of  water  through 

^■24  (Centigrade)  degrees.     As  252  calories  are  equal  to  one  British  lb. 

(Fahrenheit)  unit  of  heat,  it  follows  that  heat  emitted  at  the  rate  of  one 

^^^  Would  suffice  to  warm  3*4  pounds  of  water  one  degree  Fahrenheit  in 

one  hour  ;  or  one  British  unit  of  heat  equals  1050  watt-seconds. 
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Esson's  rule,  which  appears  to  agree  with  the  experience 
of  various  different  makers,  may  then  be  stated 


^°  C  =  355 


w 

8 


where  0  stands  for  the  rise  of  temperature,  w  is  the  watts 
expended  in  heat  in  the  coil,  and  8  its  surface  in  sq.  cms. 
Or,  if  Fahrenheit  degrees  and  sq.  inches  are  used,  the  rule 
becomes 

^°F  =  100-. 

8 

In  using  such  rules,  and  calculating  the  watts  developed 
in  the  coil  (by.  multiplying  the  resistance  by  the  square  of 
the  current),  it  must  be  remembered  that  the  wire  when  warm 
has  a  higher  resistance  than  when  cold.  A  useful  rule  to 
take  this  into  account  is  : — 

To  find  resistance  (Jioi)  when  resistance  (cold)  is  known  ; 
add  to  the  known  number  of  ohms  1  per  cent,  for  eveiy  2J 
Centigrade  degrees,  or  for  every  4J  Fahrenheit  degrees. 

To  find  maximum  permissible  current^  if  the  rise  of  tenai* 
perature  O  is  prescribed  as  a  limit. 

Max.  permissible  current  =  -  /^_  C  X  sq.  cm. 

^   855  X  resistanc 


X  resistance  (hot) 


or 


Max.  permissible  current  =  y  /^    1^  X  sq.  inches 

V    100  X  resistance  Chot)' 


(hot) 

Example. — A  coil  has  450  sq.  in.  of  surface,  and  a  resistance 
(hot)  of  15  ohms.  It  is  required  to  know  what  is  the  largest  cur- 
rent it  can  carry  continuously  without  heating  more  than  30°  F. 
above  the  surrounding  air.  Here  the  maximum  current  will  be 
3  amperes. 

If  we  assume  that  a  safe  limit  of  temperature  is  90**  F. 
or  50°  C.  higher  than  the  surrounding  air,  then  the  largest 
current  which  may  be  used  with  a  given  electromagnet  Ib 
expressed  by  the  formula 

Highest  permissible  amperes  =  0-95  x/l , 
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where  %  is  the  number  of  square  inches  of  surface  of  the  coils 
and  r  their  resistance  in  ohms. 
Similarly,  for  %hunt  coils  we  have 

Highest  permissible  volts  =  0*95   j/  «  r. 

The  magnetizing  power  of  a  shunt  coil,  supplied  at  a  given 

Dumber  of  volts  of  pressure,  is  independent  of  its  length,  and 

depends  only  on  its  gauge,  but  the  longer  the  wire  the  less 

will  be  the  heat  waste.     On  the  contrary,  when  the  condition 

0^  supply  is  with  a  constant  number  of  amperes  of  cun^nt, 

^e  magnetizing  power  of  a  coil  is  independent  of  the  gauge 

of  the  wire,  and  depends  only  on  its  length ;  but  the  larger 

the  gauge  the  less  will  be  the  heat  waste. 

In  running  armatui*es  the  rise  of  temperature  is  relatively 

less   owing  to  circulation  of  air ;  but  the  cooling  effect  of 

inning  is  less  in  tliose  machines  that  have  their  armatures 

ftlndost  entirely  covered  by  the  polar  surfaces  than  in  those  in 

which  the  armature  is  more  exposed.     Owing  to  the  cooling 

effect  of  the  air-currents  while  running,  it  is  found  that  when 

*  dynamo  is  stopped  at  the  end  of  a  long  run,  the  sui-face 

^niperature  immediately  rises  above  what  it  was  when  run- 

^^^^St  as  the  heat  which  is  being  conducted  outwards  from  the 

Dottej.   interior  is  not  now  so  rapidly  got  rid  of.     In  the 

-^^^niij^lty  specifications  it  is  laid  down  that  after  the  end  of 

*      *^S  J^J^  of  six  hours,  no  part  of  the  machine  shall  at  the 

end  of  one  minute  after  stopping  show  a  greater  rise  than 

oO^  B^^  (--  ig.g  Qojy  above  the  suiTOunding  air.     This  is  need- 

Jessly  low;   for  ordinary  engine-room  work   a  rise   two  or 

^^^  times  as  great  is  perfectly  safe.  Kapp  allows  1-5  sq.  inch 

f^^^^  9-7  sq.  cm.)  for  each  watt  lost  in  the  armature ;  and  2-5  sq. 

inches  (=16-2  sq.  cm.)  per  watt  in  the  field-magnet.    Esson 

"'^ds    that  on  armatures  running  at  ordinary  speeds,  there  will 

7^  ^  x-ise  of  85®  C.  if  for  every  watt  wasted  in  heating  1-13  sq. 

incK  ^=5  7.3  sq.  cm.)  be  allowed.     The  formula  given  above 

*^^  field-magnets  would  show  for  the  same  rise  a  minimum 

s^i'fa.ce  of  1-5  sq.  inch  (=  9-7  sq.  cm.)  per  watt.     Esson  inds 

**^  a,j>proximate  rule  for  different  speeds  to  be 

^  /rj  ^  = ^^  ^^      • 

^    '^       •  (1  +  0.00018  t;)  * 

24— Vol.  3 
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where  «  is  given  in  square  inches,  and  v  is  the  peripheral 
velocity  in  feet  per  second.  If  these  are  given  in  square 
centimetres,  and  metres  per  second  respectively,  the  rule 
becomes 

354  M» 


^  (C.)  = 


«  (1  +  00006  V) 


Fi-om  an  elaborate  study  by  Messrs.  A.  H.  and  C.  E. 
Timmermann,^  it  appears  that  the  number  of  watts  that  can 
be  radiated  per  squaie  inch  per  degree  (C.)  of  rise  of  tem- 
peititure  increases  with  the  speed,  being  about  0010  at  zero 
speed,  0-018  at  a  speed  of  1000  feet  per  minute,  and  0-022 
at  3000  feet  per  minute.  For  a  temperature  rise  of  30°  C. 
the  number  of  square  inches  of  radiating  surface  per  watt  is 
about  3-3  at  zero  speed,  about  1*9  at  1000  feet  per  minute, 
and  about  1-5  at  3000  feet  per  minute. 

Some  calculations  about  the  greater  heating  of  interior 
layei-8  have  been  given  by  Mr.  Joyce.^ 

The  following  rules  are  useful  for  calculating  the  windings 
for  machines  of  same  type,  but  of  varying  size,  or  output. 

To  reach  the  same  limiting  temperature  with  equal-sized 
bobbins  wound  with  different-sized  wire,  the  cross-section  of 
the  wire  must  vary  as  the  current  it  is  to  carry;  or  in  other 
words,  the  current  density  (amperes  per  square  centimetre) 
must  remain  constant. 

To  i-aise  to  the  same  tempei-ature  two  similarly  shaped 
coils,  differing  in  size  only,  and  having  the  gauge  of  the  wire 
in  the  same  ratio  (so  that  there  are  the  same  number  of  turns 
on  the  large  coil  as  on  the  small  one),  the  currents  must  be 
such  that  the  squares  of  the  currents  are  proportional  to  the 
cubes  of  the  linear  dimensions. 

Similar  iron  cores,  similarly  wound  with  lengths  of  wire 
proportional  to  the  squares  of  their  linear  dimensions,  will 
when  excited  with  equal  currents,  produce  equal  magnetic 
forces  at  points  similarly  situated  with  respect  to  them. 
(Lord  Kelvin,  PUL  Tram.,  1856.) 


1  Trans.  Amer.  Inst.  Electr.  Engineers,  x.  1893. 
*  Journ.  Inst.  Electr.  Engineers,  xix.  248,  1890. 
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Similar  machines,  if  magnetized  to  an  equal  degree  of 
saturation,  must  liave  ampere-turns  proportional  to  the  linear 
dimensions. 

If  two  machines  are  to  give  same  electromotive-force,  the 
diameter  of  the  wire  of  the  coils  must  vary  as  the  linear 
dimensions. 

If,  in  altering  the  field-magnets  of  a  machine  of  any  given 

capacity,  the  lengths  of  the  sevei-al  portions  of  the  magnetic 

circuit  remain  the  same,  but  the  several  areas  are  altered, 

^Aeii  the  wire  for  rewinding  must  have  its  cross-sectional  area 

fi/tered  in  pi-opoition  to  tlie  periphery  of  the  section  of  the 

coi'es. 

The  resistance  of  a  coil,  the  volume  of  which  is  known, 
and  which  is  wound  witli  (round)  copper  wire  of  diameter 
«  niillimetres,  enlarged  by  insulation  to  a  diameter  of  D  milli- 
metres, can  be  calculated  by  the  following  rule,  which  is  based 
on  the  assumption  that  the  partial  bedding  of  the  convolutions 
Allows  of  10  per  cent,  more  wires  being  got  in  tlian  would  be 
^"e  case  if  they  were  exactly  wound  in  square  order.     This 
"gure  can  only  be  approximate,  as  the  amount  of  bedding 
^^J'les  somewhat  with  the  relative  thickness  and  pliability  of 
tue  coating  of  insulating  materials,  as  well  as  with  the  gauge 
^^  the  wire.     If  v  be  the  volume  in  cubic  centimetres,  the 
''distance  r  of  the  coil  in  ohms  (cold)  would  be 

r  =  0  0244      ^ 


^f  ^  be  expressed  in  cubic  inches,  and  D  and  d  in  mils 
(1  mil  =«001  inch),  then  the  approximate  formula  becomes 


r  =  960,700    "" 


D2d« 


Length  and  Diameter  of  Armatures. 

V  ai-ious  rules  have  been  given  for  the  ratio  between  the 
^^gth,  L,  of  an  armature-core  and  its  diameter,  rf,  embodying 
*«  reSsults  of  practice. 

*^  tte  case  of  2-pole  dynamos  the  usual  dimensions  for 
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ring  armatnres  vary  from  L^JdtoL^lJ  d,"L  =  d  being 
frequent.  For  bipolar  drums  L  =  2  cf  is  frequent,  though  the 
values  \i  =  \\A  and  L  =:  3  d  are  also  found.  In  the  Edison 
standard  bipolar  machines  L  varies  from  1-85  to  1-9  d  in  the 
sizes  from  1  to  50  kilowatts.  For  multipolar  machines  the 
diameter  is  usually  greater  than  the  length.  In  Brown's 
6-pole  drum,  Plate  VII.,  and  Fig.  240,  rf  =  2  L  nearly. 


Sect[on  of  Field-Magnets. 

Comparison  of  the  machines  of  various  makers  shows  that 
for  ring  machines  the  usual  practice  is  to  allow  for  magnet- 
cores  of  ring  machines  a  cross-section  1-66  times  that  of  the 
armature-core,  if  of  wrought  iron  or  mild  cast  steel ;  or  3  times, 
if  the  magnet-core  is  of  cast  iron.  For  the  magnet-cores  of 
drum  machines  the  usual  figures  are  1*25  and  2*3. 

The  question  sometimes  arises,  what  is  the  best  »hafe  oi 
section  to  give  to  magnet-cores.  This  point  is  leadily  answered 
by  considering  tlie  geometrical  fact  that  of  all  possible  forms 
enclosing  equal  area  the  one  with  least  periphery  is  the  circle. 
For  facilitating  comparison,  the  following  table  exhibits  the 
relative  lengths  of  wire  required  to  wind  i-ound  various  forms 
of  section  enclosing  equal  area;  the  area  of  the  simple  circular 
foi-m  being  taken  as  unity,  and  allowance  made  for  thickness 
of  winding : — 

Circle 3-54 

Square       4-00 

\        B«ctangle,  2:1      4-34 


Rectangle,  10  : 1      8-91 

Oblong  made  of  one  square  between  two  semicircles       . .  3'Tfl 

Oblong  made  of  two  squares  between  two  Bemicirclea     . .  4'28 

Two  circles  side  by  side      4-997 

Two  circles,  but  wire  wound  round  both  together    . .     . .  4-10 

ThreecircleB  "      "        "  "      each  Beparately. .     ..  6-18 

I        Four  circles    "      "        "  "         "  "  ..     .,  7-09 

Symmetry  of  Field-magnetg. — It  was  pointed  oat  on  p.  167, 
that  in  2-pole  single-circuit  field-magnets  the  field  is  unsym- 
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metrical  being  much  stronger  between  the  inner  horns  than 
bet\¥een  the  outer  horns  of  the  pole*pieces,  if  the  poles  are 
shaped  away  as  in  Fig.  100,  No.  23.     Such  shaping  produces 
several  evil  results.     Fii-stly,  the  armature  is  attracted  down- 
wards as  a  whole  (see  p.  827) ;  secondly,  the  armature,  if  ring- 
wound,  will  be  electrically  out  of  balance,  owing  to  the  unequal 
niagnetic  field  at  opposite  ends  of  a  diameter ;  thirdly,  the 
iieatral  points  for  non-sparking  will  not  be  at  opposite  ends 
of  a  diameter. 

Effect  of  Widening  the  Gap-space, — The  effect  of  widening 

the    ^p-space  is  in  every  case  to  necessitate  more  ampere- 

^uriis  of  excitation.    It  also  has  some  other  results.    It  slightly 

increases  the  leakage  coefiicient  v.    It  enables  thicker  copper 
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Ke.  260. — ^Excitation  needed  with  different  Gap-spaces. 

Conductors  to  be  wound  on  the  armature,  diminishing  its 

"^^tornal  resistance ;  and,  if  the  armature  has  not  been  loaded 

■^jrond  the  safe  point  of  sparklessness,  increases  the  output 

01  t^he  machine.    It  has  the  further  not  unimportant  result  of 

inereasing  the  reluctance  in  the  path  of  the  cross-magnetizing 
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magnetoiDotive-forces,  and  dinimislies  their  prejudicial  action. 
Some  ideaa  as  to  the  iifst  of  these  effects  may  be  gathered 
from  considering  the  curves  given  by  Anioux,  in  Fig.  260, 
showing  the  result  of  widening  a  gap«pace  from  8  to  10,  and 
then  to  13-2  millimetres.  The  initial  slopes  of  the  curves  are 
given  by  lines  whose  tangents  are  inversely  proportional  to 
the  gaps.  It  will  be  noted  that  in  their  upper  part  the  three 
lines  approach  one  another.  , 

Interference  op  Armature  Field. 

As  explained  in  Chapter  IV.,  p.  71,  the  armature-current 
tends  to  cross-magnetize,  and  if  tlie  brushes  have  a  forward 
lead  (or  in  a  motor  a  backward  lead)  tends  also  to  demi^ 
netize  the  field.     We  saw  on  p.  80  that  the  position  of  the 
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.  261.— LOAD-COEVKS  OF  A  DYTIAUO. 


neutral  point  for  non-sparking  is  affected  by  this  interference : 
and  on  p.  363  we  learned  how  to  compensate  the  demagnetiz- 
ing effect.     We  have  now  to  consider  the  matter  further  from 
the  point  of  view  of  dynamo  design. 
In  tlie  first  place,  let  us  examine  the  behavior  of  some 


■ 
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existing  dynamo,  by  observing  the  relation  between  its 
voltage  and  the  amount  of  excitation,  at  some  constant 
speed,  under  varying  conditions  of  load.  Let  the  lead  given 
to  the  brushes  be  varied  as  required  to  fulfil  the  condition  of 
sparklessness.  Fii'st  let  a  curve  be  found  with  zero  armuture 
current ;  then  with  a  50-ampere  load,  then  with  100  amperes, 
and  so  forth.  The  experiments  should  be  made  in  each  case 
by  beginning  with  the  highest  excitation  (and  smallest  angle 
of  lead)  and  gradually  diminishing  the  excitation  (and  in- 
creasing the  lead)  until  a  sparkless  position  can  no  longer  be 
found  for  the  brushes.  This  dynamo  ^  was  intended  for  a 
normal  output  of  150  amperes  at  70  volts.  It  will  be  found 
that  in  each  case,  the  smaller  the  load  the  more  may  the 
excitation  of  the  field  be  diminished  before  the  state  of  things 
is  reached  that  no  neutral  point  can  be  found.  In  othei 
words,  there  will  always  be  some  definite  relation  between  the 
ampere-turns  on  the  armature,  and  those  on  the  field-magnet 
which  fixes  the  working  limit  of  sparklessness.  We  shall 
presently  inquire  into  this  relation.  For  the  present  it  may 
be  remarked  that  these  load-curves  *  give  us  much  informar 
tion  as  to  the  necessary  windings  of  the  field-magnet,  how 
many  ampere-turns  must  be  contributed  on  open  circuit  by 
the  shunt  coil,  and  how  many  compensating  ampere-turns 
must  be  added  by  the  series  coil  in  order  to  keep  up  the 
voltage. 

Limits  of  Load  and  N&nrsparkinff  Point — Two  things 
Umit  the  output  of  a  dynamo :  the  heating  of  its  armature 
conductors,  and  sparking  at  the  brushes.  Given  a  dynamo,  if 
by  widening  the  gixp  a  little  and  rewinding  its  armature  with 
copper  wire  of  double  cross-section,  we  reduce  its  resistance 
to  one-half,  we  may  then  take  from  it  nearly  a  double  current 
with  no  more  heating  than  before,  provided  it  still  does  not 
spark.  Such  a  reconstituted  machine  would  clearly  cost  less 
than  two  of  the  previous  pattern.  But  the  limit  of  such  an 
augmentation  of  the  output  by  increasing  the  ampere-turns  on 

^See  Arnonx  in  BuU,  de  la  Soc,  Int.  des  Electriciens^  vi.  61,  1889. 
*  For  other  examples  of  loacl-curyes  see  Esson  In  Journal  Instil,  Electrical 
Engineers,  xlx.  152,  1890;  and  Kapp,  in  Proc.  Instil.  Civil  Eng.^  Feb.  1889. 
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the  armature  is  reached  very  soon ;  for  the  cross-magnetizing 
tendency  is  doubled,  and  the  lead  increased,  and  the  demag- 
netizing tendency  more  than  doubled  by  doubling  the 
ampere-turns  of  the  armature.  These  perturbing  effects  may 
be  all  included  under  the  general  name  of  interference  used  in 
the  previous  paragraph :  they  have  been  investigated  more  or 
less  fully  by  Hopkinson,^  and  more  completely  by  Swinburne,^ 
and  by  Esson.^ 

It  has  been  pointed  out  on  p.  79,  that  because  the  wind-* 
ings  of  the  armature  possess  self-induction,  the  reversal  of  the 
current  in  them  in  the  act  of  commutation  as  they  pass  the 
brush  requires  the  presence  of  an  impressed  electromotive- 
force  ;  and  that  this  is  accomplished  by  giving  the  brush  a 
lead  (forward  in  a  dynamo,  backward  in  a  motor)  so  that  that 
section  in  which  the  current  is  to  be  revei-sed  is  at  that  time 
passing  through  the  fringe  of  the  magnetic  field.  The 
stronger  the  current  to  be  revei-sed,  the  stronger  is  the  field 
necessary  for  sparkless  reversal.  But  the  field  under  the 
•*  trailing  "  horn  of  a  pole-piece  (or  in  a  motor,  the  "  leading  '* 
horn),  near  which  commutation  must  take  place  is,  as  we  have 
seen  (Figs.  62  and  66),  weakened  by  the  interference  of  the 
armature.  Now  the  cross-magnetizing  action  of  the  armatum 
tends  to  send  magnetic  lines  up  (see  usual  diagram  Fig.  61» 
p.  73)  both  sides  of  the  ring  core,  which  tend  to  cross  the 
gaps  and  return  through  the  masses  of  the  pole-pieces ;  the 
strongest  cross-magnetizing  force  in  the  gaps  being  under  the 
tips  of  the  polar  horns.  This  cross  action  opposes  the  normal 
flux  of  magnetic  lines  at  the  top  right  and  bottom  left  corners  (of 
Fig.  63),  and  helps  it  at  the  other  two.  The  cross-magnetizing 
magnetomotive-force  under  the  pole-tips  (assuming  the  gaps 
alone  to  offer  any  appreciable  reluctance)  is  equal  to  ^V  '^ 
times  the  ampere-turns  of  all  the  conductoi-s  that  lie  in  the 

1  Philosophical  Transactions,  1866,  pt.  i.  p.  331 ;  and  Electrician,  xviii., 
Dec.  1866. 

*  Journal  Instii,  Electrical  Engineers,  xv.  p.  540,  1886  ;  and  xix.  pp.  90 
and  265,  1890. 

» lb.,  xlx.  p.  118,  1890 ;  and  xx.  p.  265,  1891 ;  also  ElectHcal  World,  xv. 
218,  1890 ;  see  also  Electrical  Beview,  series  of  articles  on  Synthetic  Study 
of  Dynamos,  1890. 
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gaps,  or  withiu  the  angle  of  polar  span  v-  Using  the  usual 
symbols — Z  for  the  number  of  conductoi-s  around  the  armature, 
and  Ca  for  total  armature  current — we  have  for  the  total 
ampere-turns  on  the  armature  ^  Z  x  JC*  of  which  ^  ~  180** 
are  effective,  and  of  which  the  half  may  be  taken  as  the  part 
operative  in  either  place  where  the  cross-circuit  crosses  a  gap. 
If  V  is  taken  at  120®,  the  ci-oss-force  under  the  tip  will  be 

1  Z  X  1  Ca  X  J  X  iV  'f  X  Uo  =  CaZ  X  0104 ; 
or  equals  the  ampere-turns  ^  on  the  armature  multiplied  bj 
0-416.  Now  let  us  see  what  number  of  ampere-turns  on 
the  armature  would  produce  a  cross-force  in  the  gap  just 
exactly  balancing  the  noimal  magnetizing  force  there,  so  as  to 
neutralize  the  field  under  the  pole-tip.  In  that  case  sparkless 
reversal  would  be  impossible,  and  so  we  should  have  ascer- 
tained the  limit  of  load.  Now  the  difference  of  magnetic 
potential  in  the  gap  (or  that  part  of  the  magnetomotive-force 
that  is  spent  therein)  is  equal  to  the  product  of  the  magnetic 
reluctance  of  the  gap  into  the  flux  across  it.  If  /,  be  the 
length  acix)ss  the  gap  and  A^the  polar  area,  the  reluctance  of 
the  gap  \&l^  -^  A„  and  the  magnetic  potential-difference  in 
it  is  ^  N  ^a  "^  -A.,.  Now  call  the  length  of  the  armature  core 
OP  of  the  pole-face,  parallel  to  the  axis,  L  ;  the  breadth  of  the 
pole-face  measured  along  the  curve  from  tip  to  tip  J  ;  the  radial 
depth  of  the  core  r ;  and  its  sectional  area  A  | .  We  may 
assume  that  in  the  core  the  magnetization  is  pushed  to 
B  =  17,000.     Then  we  have  the  following  relations  : — 

N  =  17,000  Ai ;  Ai  =  r  L ;  A,  =  5  L. 

^  This  term  is  here  used  precisely  as  for  any  electromagnet.  In  bipolar 
<)ittm-armatures  it  is  half  the  armature  current  multiplied  by  half  the  number 
of  external  conductors.  In  multipolar  machines  (wound  with  parallel  group- 
lug)  it  is  equal  to  total  current  multiplied  by  total  number  of  conductors  and 
divided  by  the  square  of  the  number  of  poles.  In  Esson^s  paper  of  1890 
^«/oumai  LE.E.  xix.  143).  the  term  ampere- turns  was  used  in  a  di£ferent 
^ense,  namely,  as  the  product  of  the  total  number  of  conductors  into  the  cur- 
rent carried  by  each.  This  is  the  same  thing  to  which  in  his  paper  of  1891 
{J^ournal  I.E.E,^  xx.  266)  he  gave  the  not  very  apposite  name  of  ^'  volume,** 
^ut  which  would  have  been  better  described  as  the  total  circulation  of  arma- 
ture current.  The  name  used  hereafter  for  this  quantity  is  the  circumjlux, 
^or  2-pole  machines  the  circumflux  is  twice  the  ampere-turns  ;  for  4-polo 
'tuachiaes,  four  times,  &c. 
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Substituting  these  in  the  preceding  expression,  and  caa* 
celling  out  L,  we  get 

Magnetic  potential  in  gap  =  17,000  X  r  X  ?«  -^  i- 
Equating  this  to  the  cross-force,  we  get 

C„Z        40900  tU 


For  some  purposes  it  is  more  convenient — particularly  in 
relation  to  the  multipolar  machines — to  consider  not  the 
ampere-turns  of  the  armature,  but  the  effective  circulation  of 
current  as  reckoned  by  multiplying  together  the  number  of 
armature  conductora  and  the  current  carried  by  each  inde- 
pendently of  its  direction.  This  quantity,  hei*e  denoted  by 
the  symbol  Q,  we  shall  call  the  circumflux.^  It  is  equal  to 
the  product  of  the  whole  armature  current,  into  the  whole 
number  of  armature  conductors,  divided  by  the  number  of 
poles.  For  a  2-pole  dynamo  we  then  have  as  the  limiting 
load  on  the  armature 

aZ        81800  rh 


Q  =  ^  = 


Esson^  gives  the  result  of  observation  of  a  number  of 
modern  dynamos  by  different  makere,  and  found  the  actual 
numerical  coefficient  to  vary  from  61,265  to  95,905  for  ring 
machines,  with  a  mean  of  85,000,  differing  little  from  the 
theoretical  81,800  given  above. 

From  the  foregoing  it  appears  that  the  maximum  load 
which  an  armature  can  carry,  within  the  limit  of  sparklessness, 
is  directly  proportional  to  the  radial  depth  of  core,  and  to  the 
length  of  the  gap,  but  inversely  proportional  to  the  breadth 
of  the  polar  span.  If,  therefore,  taking  an  existing  machine 
whose  load  is  just  within  the  spark  limit,  we  wish  to  make  it 
carry  a  heavier  load  (or  more  copper  on  the  armature)  we  may 
do  so  either  by  increasing  the  radial  depth  of  the  core-disks, 
or  by  increasing  the  gap-space  (whether  wanted  for  copper 

*  Called  by  Esson  at  one  time  the  '*^mpere-turns,"  and  later  the  "vol- 
ume," of  the  armature  current.     See  preceding  footnote. 
^Journal  LE.K,  xx.  142,  1890. 
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and  clearance  or  not),  or  lastly,  by  diminishing  the  breadth  of 
span  of  the  polar  faces.  The  fii'st  of  these  causes  means  a 
new  armature  ;  the  second  requires  the  pole-faces  to  be  bored 
out  afresh,  and  also  means  some  (not  large)  addition  to  the 
magnetizing  power  of  the  field-magnet ;  the  third  has  the  effect 
of  concentrating  the  magnetic  flux,  tlierefore,  lowering  slightly 
the  permeability,  and  necessitating  either  a  slightly  higher 
speed  or  a  slight  increase  in  the  magnetizing  power. 

The  circumflux  or  polar  circulation  of  armature  current 
permissible  for  an  armature  of  given  diameter  may  be  given 
in  terms  of  the  diameter  by  assuming  (for  ring  2-pole  arma- 
tures) that  h  =  105  d\  r  =  0-1  df ;  and  /^  =  006  d. 

Substituting  these  values,  we  get 

Q  =  390  d. 

Esson  takes  400  d  (centimetres)  as  the  limiting  value  of  Q, 
for  rings,  and  600  d  as  the  value  for  drums.  Kapp  allows 
1000  ampere-turns  (or  2000  circumflux  in  case  of  2-pole 
machine)  for  each  inch  of  diameter  above  12  inches,  as  a 
safe  load. 

We  are  now  ready  to  consider  the  safe  output  (watts)  of  a 
dynamo  in  terms  of  its  dimensions. 

The  gross  output  of  a  bipolar  dynamo  is — 

W  =  E  C,  =  n  ISI  ZC„  -4- 108;        (see  p.  170) 
or  for  a  multipolar  dynamo— 

W  =  wN— H-108; 
V 

"Where  p  stands  for  the  number  of  'pair%  of  poles :  so  that 
tihe  value  of  Q,  the  circumflux  of  armature  current,  will  be 
2Ca  -r-  2 p;  whence 

W  =  2nNXQ  -^108.  [a] 

Now  assume  (as  fair  average  of  actual  cases)  that  pole- 
pieces  together  cover  -^  of  circumference  (or  2-2  X  «?),  and 
that  the  value  of  B  in  the  gap  is  5000.  Then,  if  L  is  length 
of  armature  core  (cms.),  the  working  area  of  the  armature 
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througli  which  magnetic  lines  go  in  or  out  =  2-2  X  i2  X  L ; 
whence  area  of  any  one  polar  part  is  2-2  (2  X  L  -^  2  p  ;  and 
the  flux  of  maguetic  lines  through  any  one  pole  will  be  5000 
times  this ;  or  for  the  total  flux  through  the  2  p  poles  will  be 

N=i'X5000x2■2rfxL-^2;»  =  5500rfxL. 

Inserting  this  value  we  have — 

W  =  11000  Xrf  +  LxnXQ-^10«  [^9] 

But,  according  to  Esson,  as  above,  Q  t=  400  d  for  rings  or 
600  d  for  drums  as  the  SR.fe  loads.  Inserting  these  values 
we  get' — 

t  for  rings    W  =  tPL n  X  0044  |  p-    -, 

i  for  drums  W  =  (PL  n  X  0-066  i  '"''-' 

Now  (j*  L  is  proportional  to  the  volume  of  the  armature 
core.  Hence  we  conclude  that  the  output  is  proportional  to 
volume  and  to  speed,  and  is  independent  of  the  Dumber  of 
poles  and  of  the  grouping  of  the  armature  conductors.  Kapp 
finds  it  (for  equal  surface  temperature)  to  increase  as  th« 
8j  power  of  the  diameter.  This  is  a  slightly  higher  pro- 
portion  than  the  volume,  probably  because  of  the  somewhat 
higher  peripheral  speeds  admissible  for  large  armatures. 

Devices  for  Compbksating  Armature  Reaction. 

As  the  output  of  a  dynamo  is  limited  both  by  heating  and 
hy  sparking,  the  designer  must  consider  very  closely  liow  the 
latter  can  be  abolished.  There  are  nmny  cases  in  which  a 
dynamo  or  motor  might  be  called  upon  to  give  double  ita 
normal  output  for  a  few  minutes.  Double  output  means 
quadruple  heating,  which  if  continued  for  only  a  short  time 
may  do  no  harm ;  whereas  if  sparking  were  to  continue  at  the 
commutator  for  an  equal  time  serious  damage  might  be  done. 
It  is  therefore  important  to   so  design  machines  that  even 

'  Esson,  taking  sligliDy  greater  width  of  pole  pieces,  gets  0-048  Md  0-078 
as  the  respective  co-efficients.  Sneli  (Journal  /.  E.  £.,  zx.  p.  107)  finds  hia 
machines  give  ai  their  co-efflclente,  when  translated  into  centimetres  and 
Mconds  to  correspond,  0-0376  and  0-058  respectively. 
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with  double  load  they  will  not  spark  at  the  commutator.  We 
have  seen  how  the  limit  at  which  sparking  begins  depends 
upon  the  armature  reaction,  interfering  with  the  field  in 
the  neighbourhood  of  the  pole- 
tips,  where  it  is  needed  for  pro- 
curing sparkless  reversal. 

Consider  first  the   theory  ^    of 
armature     interference.        Draw 
any  closed  curve  A  B  C  A  along 
the  magnetic  circuit  (Fig.  262) 
^^   that    it    passes   through    the 
^^netizing  coils.     The  line  in- 
tegral of  the  magnetizing  forces 
along    this    line   will    be    equal 
(see  p.   118)   to  0*4  w  times  the 
ampere-turns  in  the  coils.     There 
will  be  an  equal  magnetomotive- 
force    around    the    closed    curve 
D  E  F  D,   though   the    resulting 
flax   along  this  path  may  be  less, 

owing  to  the  gi-eater  reluctance.  Similarly  if  the  brushes  are 
advanced  with  an  angular  lead  A,  the  number  of  conductors 
in  the  demagnetizing  zone  (see  p.  85)  will  be  a  fraction  2  X 
"^  'f  of  the  whole  number  Z  on  the  armature,  and  as  each 
can-ies  half  the  current,  the  demagnetizing  ampere-turns  (for 
drum-winding)  will  be 


Fio.  262. 
Armatxtbe  Intebference. 


JC. 


X   J  Z   X  2x-h  ;r  =  >lC„Z  -T-  2r, 


and  the  demagnetizing  magnetomotive-force  will  be  0-2iiCaZ. 
Further,  the  tendency  to  cross-magnetize  may  be  calculated 
by  considering  the  closed  curve  H  A  G  D  H  drawn  through 
the  pole-tips  of  one  pole-piece.  If  the  angle  of  polar  span 
be  called  '/^,  the  number  of  conductors  enclosed  by  this  curve 
will  b^  ^TZ  /  2  TT,  and  the  line-integral  of  the  cross-magnetizing 
forces  ^iu  be  0-4  tt  x  i  C«  X  i^  Z  /  2-,  =  0-1  v''  Ca  Z.  As  the 
reluctH-Tice  in  the  parts  of  this  p«ith  which  pass  through  iron  is 

P*^-    J.  and  E.  Hopkinson,  TUL  Trans,^  1886  ;  also  reprint  of  Hopkin- 
son's  Original  Papers,  1893,  105. 
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negligible,  we  may  regard  the  whole  of  this  as  expended  on 
the  gaps  at  A  and  D ;  and  it  will  be  seen  that  the  difference 
of  magnetic  potential  at  the  gap  A  will  be  diminished,  and 
that  at  D  increased,  by  half  this  amount.  Since  any  smaller 
closed  curve,  as  at  a  e2,  encloses  fewer  conductoi*s,  it  will 
produce  a  proportionately  smaller  distorting  effect.  The 
minimum  field  required  for  reversal  in  the  neighbourhood  of 
the  pole-tip  depends  both  on  the  current  to  be  reveised,  on 
the  self-induction  of  the  "section,"  and  on  the  time  occupied 
in  the  act  of  commutation.  The  cross-force  which  tends  to 
diminish  the  field  at  the  region  A  must  not  be  suffered  to 
reduce  the  field  below  the  necessary  minimum.  It  will  bo 
noted  that  the  demagnetizing  reaction  (which  is  proportional 
to  X)  tends  to  weaken  the  field  in  general,  while  the  cross- 
magnetizing  reaction  tends  (which  is  proportional  to  ^'')  to 
weaken  the  field  under  the  leading  pole-tips,  and  to  strengthen 
it  under  the  trailing  tips.  In  order  that  we  may.  be  able  to 
reverse  sparklessly  very  gieat  currents,  we  must  have  the 
impressed  field  so  strong  that  at  least  the  minimum  field 
remains  at  the  pole-tip  in  spite  of  both  these  reactions. 
Seeing,  then,  that  the  cross-field  is  responsible  for  the  dis- 
tortion which  makes  sparkless  collection  difficult,  it  remains 
to  consider  the  remedies.  These  may  be  classified  under  two 
heads — those  applied  to  the  magnets,  and  those  applied  to 
the  armature.  The  former  class  may  again  be  sub-classified  ; 
for  in  dealing  with  the  cross-field  we  have  two  courees  open, 
either  to  increase  the  reluctance  in  the  path  or  to  introduce  a 
compensating  counter  cross  magnetomotive-force. 

CrosB'Reluctance  Remedies, — An}^  gap  introduced  across  the 
closed  path  H  A  G  D  H  of  the  cross  forces  will  diminish  the 
cross-field;  hence  merely  widening  the  clearance  or  the  arma- 
ture will  to  some  extent  help ;  but  then  more  winding  will  be 
wanted  on  the  magnet-cores.  The  polar  mass  behind  the  face 
may  be  nearly  divided  by  a  "  V  "  groove ;  as  is  readily  done 
in  the  case  of  magnets  of  the  Manchester  type  (No.  24, 
Fig.  101)  and  other  forms  having  double  magnetic  circuits 
(as  No.  8,  Fig.  100  and  Fig.  109)  by  judicious  thinning  or  by 
actual  separation,  as  in  No.  27,  Fig.  101,  between  the  right 
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and  left-hand  halves,  and  so  throttle  the  crosB-flux  of  niagnetio 
lines.     To  prevent  weakening  of  the  stiuctuie  a  thin  webU 


Pio.  263.— Magnet  witii  v-^a™  and  Compehsatino  Poles. 

left  in  the  casting,  as  in  Fig.  2C3.    Another  suggestion,  made 

by  the  author  of  this  wodt  some  yeare  ago,  was  to  construct 

the  field-magnets  of  pieces  of  ii-oii 

with  longitudinal  gaps,  as  in  Fig.    ^  •^^—•^  * 

264.  '  ""^  "^ 

CroM-  Compounding  Remedies. — 

Elihu  Tliompson  jimjmsed  to  place 

a  compounding  coil  on  a  separate 

frame  aun-oundino:  tlie  armature,  „ 

,.,,.,..  Fio-  264. 

and  to  tut  it  in  a  direction  counter 

to  the  rotation  so  as  i>artially  to  counteract  the  cross  force, 

Swinburne  *  suggested  that  s  small  auxiliary  coil  (in  series) 

should  be  wound  upon  the  tip  of  the  pole,  as  in  Fig.  265a,  to 

maintain  a  revereing  field  at  that  point.     Malher,'  Housnian,' 

and  Swinburne  *  have  all  advocated  the  use  of  auxiliary  poles 

1  Joiirn.  Soe.  Teleg.  Engineers,  xv.  542,  1886. 

'LaLumiire  tlKtrique,  lii.  404,  1885. 

*Joum.  Jwrt.  El.  Engiiu-erg,  xx.  299,  1891. 

*  See  Swinburne  (Jountal  J.E.E..  ixi,  105,  1S90) ;  and  Housman  (i6., 
XI.  399,  1891),  who  maintains  that  if  B  ^  TOGO  under  the  pole-piece,  the 
anziliarr  field  for  reversing  muBt  be  at  leaet  ^  8000. 
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at  right-angles  to  the  iimiii  poles  (as  in  Fig.  263),  wound  with 
main  circuit  coils  to  counteract  the  armature  forca.    The 


if 

» a 

^  %. 


author  of  this  treatise  suggested  a  sort  of  compound  winding 
having  series  and  shunt  poles  at  different  angles  (Fig.  266c) 
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*  tlat  as  tlie  aimature  reaction  tended  to  shift  the  field 

°'''«rd,  the  field  should  automatieally   shift   itself   hack. 

,  ^"ges,*  in  1884,  proposed  a  ci-osa-compound  winding  having 

^  fiuxiliary  series  coils  set  to  produce  a  field  at  liglit  angles 

'*^'J.  265J)  to  the  ordinary  field.     He  also  suggested  winding 

fcJies  coils  around  the  polar  parts  of  a  machine  with  double 

nagnetio  circuit,  as  in  Fig.  265f.     Fischer-Hinnen  '   winds 

these  coils  in  a  notch  at  the  centre  of  the  pole-face  (Fig.  265i^, 

a  construction  which  independently  occurred  to  Piof.  Forbes, 

to  Mr.  Mordey,  ani^  the  author. 

Prof.  Elihu  Tliouison  '  has  lately  proposed  another  solntioo 
(Fig.  26%),  ill  which,  by  the  use  of  auxiliary  unwound  poles 
pteseDted,  at  right-angles,  to  the  armature,  be  leads  off  the 


PiQ.  8M.— Ryan's  Dtnamo,  wrra  Cr068-coi»poond  Coiu. 

^''oafrflux  into  the  hack  of  the  wound  poles,  and  uses  it  to 
**^^^ngthen  tlie  field,  instead  of  weakening  it. 

Tile  most  complete  solution,  however,  is  that  given  by 
*^rof.  Ryan,*  who  inserte  a  number  of  coils  in  slots  cut  in  the 
P**lo-faee  parallel  to  the  shaft,  to  receive  a  series  winding, 
^^■nich  thus  constitutes  approximately  a  neutralizing  layer  of 
Coils  with  a  ciraulation  of  current  equal  and  opposite  to  that 
°*  the  armature.  Fig.-266  shows  a  recent  design  of  Ryan's 
'  I>.  R.  P.  No.  84,465. 

■fierecAnunf)  tleklri*cher  GlelcAstroin-mascAiiieii  (Zurich,  1892). 
'  Electrical  iferieio  (N.  T.),  xx'll.  18.  July  I81>3. 

)n  n  Method  of  Balnncing  Armature  Reaction,"  Siblfy  Journal  nf 
^'*Ofneertni7,  vit.  17,  Oct.  1892  ;  Be«  also  Ryan  and  M.  E.  Thompson,  Am. 
j^*-  ^  Elentrieal  Engineers,  1805,  where  teal*  are  given  of  such  machlneaj 
^'•■^•ited  In  BtectrtrAan,  xsxW.  786,  April  19,  1896. 
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with  the  coils  ftrmiiged  in  glots.  In  such  machines  the  mag- 
netization does  not  drop  with  the  load,  nor  dues  the  neutral 
point  shift.  Further,  the  gap-space  may  be  made  very  small, 
reducing  the  weight  of  the  field  windings.  The  entire  absence 
of  distortion  of  field  at  all  loads  is  a  gain ;  but  for  absolutely 
sparkless  collection  it  seems  better  to  provide  a  special  com- 
muting Held  than  to  depend  on  finding  onesomewhere  in  the 
fringe  near  the  pole-tip.  This  Ryan  proposes  to  accomplish 
as  shown  in  Fig.  267  by  bridging  the  space  between  the  poles 
C  D  by  an  iron  structure,  slott«d  at  &  2  m  n  0  ^,  to  receive  the 


fla.  267.— Ryan's  Compensating  Devices. 

compensating  conductors,  and  provided  with  a  special  commu- 
tating  \\x%g  in  the  centre  of  these  windings.  At  no  load  this 
lug  is  not  raagneti7.ed ;  but  as  load  increases  the  excess  ol 
smpere-turns  in  these  compensating  windings  over  the  cross 
ampere-turns  of  the  armature  tends  to  magnetize  g  in  the 
direction  of  the  arrow,  giving  a  commutating  field  always 
proportional  to  the  current  to  be  commutated. 

Finally  MM.  Hutin  and  Leblanc  have  proposed  to  deaden 
sparking  by  use  of  a  device  called  an  ammortisseur,  consisting 
of  a  series  of  rods  of  copper  carried  through  slots  in  the  pole- 
faces  all  short-circuited  together  attlieirends  by  being  united 
to  two  rings  of  copper,  constituting  an  embedded  squirrel-cage. 
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This  device  (Fig.  265A)  is  supposed  to  prevent  oscillations  in 
the  direction  of  the  magnetic  flux  which  occur  at  commutation. 
Concentratian  of  Field, — There  are  other  methods  of  pre- 
8ei*ving  the  requisite  concentration  of  field  at  the  leading  edge 
of  the  pole.  It  is  obviously  desii-able  that  the  field  should  be 
magnetically  riffid — not  easily  distorted.  This  stiffness  of 
field  can  be  partially  secured  by  judicious  shaping  of  pole- 
pieces.  A  simple  notch  in  the  pole-face,  as  in  Fig.  266e, 
promotes  concentration  of  the  field  in  the  tip.  If  the  tip  is 
itself  nearly  saturated,  the  tendency  to  distortion  may  produce 


Flo.  268.— Various  Forms  op  Pole-tips. 


less  effect  than  if  it  were  far  from  saturation.  But  it  is  not  on 
this  account  worth  while  to  make  the  tips  of  cast  iron  instead 
of  wrought,  as  they  then  saturate  with  a  less  flux.  Tips 
widely  separated,  like  Fig.  268a,  are  not  always  good,  even 
though  thin.  It  is  better  that  they  should  either  be  extended 
like  Fig.  2686,  nearly  to  meet,  so  that  they  may  be  saturated 
by  the  leakage  field,  or  else  cut  off  like  Fig.  2686*.  Dobro- 
wolsky  has  recommended  the  bushed  pole  (Fig.  26Sd)y  in  which 
the  armature  is  completely  surrounded  with  iron. 

These  forms  differ  very  greatly  as  to  the  width  of  fringe 
which  they  permit  in  the  field.  It  is  of  advantage  that  the  field 
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should  present,  where  the  conductors  enter,  a  margin  in  which 
the  flux-density  varies  from  zero  to  a  high  value.  If  this 
margin  is  too  narrow,  the  neutral  point  will  be  very  well 
defined,  and  the  brushes  need  very  accurate  adjustment.  If 
it  is  too  wide,  the  variations  of  lead  at  different  loads  may  be 
excessive.  One  way  of  securing  a  suitable  fringe,  and  at  the 
same  time  maintain  fair  rigidity  against  distortion,  is  to  bore 
the  polar  faces  to  a  different  and  flatter  curve,  so  that  the 
polar  gap  is  narrowest  at  the  middle  and  wider  at  entrance 
and  exit,  as  in  Fig.  269.    Another  way,  which  has  been  found 

excellent  by  Mr.  Brown,  for 
his  well-known  4-pole  machines 
(Fig.  276),  is  to  make  the  in- 
wardly projecting  poles  of  cir- 
cular section,  without  any 
pole-shoes  or  extensions.  The 
•end-face  of  the  pole  when 
bored  away  presents  a  suf- 
ficient lip,  and  secures  a  well- 

Fio.  m-NoN-coNCENTRio  Poles,  g^'^^^t^^    ^^^^    ^^    sufficient 

stiffness. 

Self-compenBating  Armatures,  —  Turning  to  armature 
methods  of  compensation,  we  find  several  devices.  Swin- 
burne's chord  winding  (p.  246)  diminishes  the  demagnetizing^ 
but  not  the  cross-magnetizing  force.  It  has  the  disadvantage 
that  the  two  edges  of  any  section  are  not  both  passing  at  the 
same  instant  into  a  commut/ating  field ;  hence  it  is  not  good 
for  handling  large  outputs  in  machines  with  small  clearance. 
Its  service  is  to  give  a  machine  which  up  to  its  spark-limit 
has  so  little  demagnetizing  reaction  that  the  excitation  does 
not  require  to  be  increased  to  keep  up  the  pressure  as  the 
load  increases.  Edison  ^  has  proposed  an  auxiliary  winding, 
and  also  other  devices  involving  the  use  of  two  sets  of 
brushes  at  different  leads. 

The  best  suggestions  are  those  of  Sayers,^  who  connects 
the  bars  of  his  commutator  to  the  appropriate  point  on  the 

1  Specification  of  British  patent,  No.  5127  of  1883. 

«  Inst.  Elec,  Eng,,  July,  1893,  xxli.  877;  1895,  xxiv.  122. 


Elements  of  Dynamo  Design,  395 

ring  or  drum  winding,  not  directly  in  the  ordinary  way  by 
radial  connectors,  but  through  HUiiliary  compensating  coils 
wound  also  upon  tlie  ai'niature.  One  of  these  commutator 
eoih  is  shown  in  Fig.  270,  one  end  being  attuclied  to  the 
junction  between  two  main  armature  coils  and  the  other  end 
being  attached  to  a  comniutiitor  Kir.  At  the  iniitant  before 
the  bar  conies  in  contikct  with  the  bru^h  tlie  whole  armstture 
cun-ent  is  being  carried  by  a  commutator  coil  immediately 


FiQ.  270.— Satzrs'  Compkksahhq  "WuiDiNa  with  Cohxctator  Coiu, 

ahead  of  the  one  shown  in  the  figure.     When  the  heel  of  the 
brush  touches  the  bar,  the  left  side  of  the  commutator  coil  '' 
belonging  to  it  is  well  under  the  jwle-piece,  so  that  it  tends 
to  take  up  the  current ;   wliile  tlie  commutator  coil  preceding 
it  has  its  right  side  just  coming  under  tlie  auxiliary  pole, 
tending  to  stop  the  current  in  it  and  reverse  it  in  the  inter-  ) 
mediate  main   arnisiture  winding.     The  commutator  coil  in  ^ 
Fig.  270  has  just  taken  up  tlie  current.     A  moment  later  its 
right  side  will  come  under  the  auxiliary  pole,  which  will  stop  ' 
the  current  in  it  and  pass  it  on  to  the  next  commutator  coil. 
Sometimes  the  auxiliary  pole  is  wound  as  shown  in  Fig.  263. 
The  main  advantage  of  Sayere'   winding  ia  tliat  instead  of 
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putting  the  brushes  forward,  he  is  able  to  give  them  a 
backward  lead,  so  tliat  the  armature  current  exercises  a 
helpful  magnetizing  action,  and  obviates  tlie  need  of  any 
compound  winding  on  the  field-magiiets.  {See  also  p.  438  and 
Plate  XII.) 

Design  of  Multipolar  Dynamos. 

Bipolar  machines  are  common  for  small  dynamos,  but  for 
large  outputs  multipolar  are  preferred. 

The  advantage  of  using  Q  (the  circumflux)  rather  than 
the  ampere-turns,  in  the  investigation  on  pp.  384  and  385, 
was  that  the  spark  limit  of  load  depends  not  oa  the  total 
ampere-turns  or  action  of  the  whole  armature  as  an  electro- 
magnet, but  on  the  circulation  of  current  per  pole.  Hence 
the  results  already  obtained  are  available  for  multipolar 
machines,  as  was  pointed  out  by  Esson,  to  whom  is  due  the 
credit  of  this  conception. 

The  second  formula  on  p.  384  may  now  be  re-written — 

Q=577B?a. 

where  B  is  tlie  strength  of  field  in  the  gap-space. 

If  we  auMunie  the  limiting  values  of  Q,  and  the  usual  value 
of  B,  as  alrendy  determined,  tlien  if  >J;  the  angle  of  polarspan, 
be  taken  at  130°,  itfoUows  tliat  the  radial  dejith  l^  of  the  gap- 
space  must  not  be  less  than  ^d,  for  rings,  nor  less  than  ^^d. 
for  drums.  Then,  if  in  order  to  make  a  large  output 
machine,  whilst  keeping  to  two  poles,  we  increase  rf,  we  must 
either  increase  l^  or  B>  oi'  else  diminish  >,';  or  perform  some 
combination  of  these  proLt'sses,  which  in  any  case  involves  a 
greater  expenditure  of  power  in  maintaining  the  field  in  the 
gap-space.  Herein  lies  the  advantage  of  multipolar  con- 
struction for  large  outputs.  Considersuchftfonn  as  Fig.  271 
with  4  poles.  To  prevent  undue  leakage  from  pole  to  pole 
the  distance  between  pole  horns  is  wider  relatively  to  the 
polar  span  than  in  a  2-])ole  machine;  and,  for  an  equally  high 
valueofB  ill  the  gap-spaces,  the  section  of  the  ring  is  reduced, 
its  diameter  enlarged,  and  with  its  diameter  its  cooling  sui-face. 
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FordiTim-wound  machines  there  is,  in  addition  to  such  gains, 

the  additional   advantages  that  end-connections   are   much 

fiimpler,  and    ventilation   easier,   than  for  2-poIe  machines. 

But  does  it  pay  tlie  constructor  to  make  the  change  ?     There 

is  a  Utile  more   labor  in  tooling  castings ;  but  will  he  save 

copper  ?    A  case  will  show  that,  beyond  a  certain  limit  of  size, 

there  is  a  saving.     Consider  a  2-pole  drum  ;  rf  =  60 ;  L  =  90 ; 

B  =  6000  in  the  gap;  V   =  130^.     Then  it  will  not  be 

fiparkless  unless  the  gap-space  l^  is  at  least  3*2  cm.,  or  about 


Fio.  271.— FouK-POLK  Magnet  (Brown). 

"*y  cm,  more  than  is  needed  for  windings  and  clearance.    If, 

^  ^ake  this  work  sparklessly,  we   diminish   the   gap  and 

jncrease  B  to  7000  or  diminish  V  to  100°,  we  still  gain  notliing 

^  Hiagnetizing  power.      Now  substitute   a   4-pole   dinim  : 

/"^  84  ;  L  =45;  B  =5000.     With  this  increased  diameter, 

®  ff^p-space  may  be  reduced  to  a  maximum,  the  magnetizing 

^  ^^r    may  be   reduced  by  at  least  30  per  cent.,  and  the 

*  "^^eiglit  of  iron  by  nearly  40  per  cent.,  which  will  more 

,   ^  I^ay  for  the  extra  lal)or  of  tooling.     Esson  states  that 

,       ^o«t  of  a  4-pole  dynamo,  of  output  W  at  speed  w,  may 

I^^t;  as  being  equal  to  that  of  two  dynamos,  each  of  out- 
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put  J  W  at  speed  2m,  and  so  forth.  The  cost  of  field-magnet 
castings  is  reduced,  and  their  weight  lessened,  when,  as  in  ilie 
large  machines  of  Siemens  and  Halske  (Plate  VIII.),  the 
ring  is  of  such  large  dimensions  that  the  field-magnet  can  be 
placed  internally. 

For  machines  exceeding  100  kilowatts  multipolar  foims 
are,  ttien,  generally  preferable  to  bipolar ;  firetly,  because  they 
give  their  maximum  sparkless  output  with  minimum  clear- 
ance, and  therefore  with  minimum  weight  of  copper  on  mag- 
net ;  secondly,  because  they  keep  coolei',  so  that  for  a  given 
volume  of  core  and  winding  there  is  actually  a  greater  output. 
Multipolar  machines  have  one  further  advantage  over  bipolar 
machines,  in  that  their  length  may  be  shortened  relatively 
to  the  diameter  without  loss  in  economy,  and  with  great 
mechanical  gain.  In  the  case  of  drum  windings  this  is  veiy 
marked. 

Best  Thickness  or  Gap-spa<  e. 

Professors  Ayrton  and  Perry  have  investigated'  the  rule  for  the 
best  thickness  of  the  conductors  on  armatures.  By  finding  an 
expression  for  the  total  heat-waste  in  terms  which  included  the 
heat  wasted  in  the  excitation  needed  for  the  different  parts  of  the 
reluctance,  and  considering  what  relatiotis  between  these  would 
make  this  waste  a  minimum,  they  came  to  the  following  conclu- 
sion : — The  permissible  continuous  output  of  the  machine  is  a 
maximum  when  the  thickness  of  the  winding  on  the  armature  is 
such  that  the  magnetic  reluctance  of  the  space  occupied  by  the 
winding  on  the  armature  is  equal  to  the  reluctance  of  the  rest  of 
the  magnetic  circuit. 

Assuming  that  practically  the  whole  of  the  gap-space  between 
armature-core  and  pole-piece  is  filled  with  armature  winding,  the 
above  rule  amounts  to  saying  that,  given  the  constniction  of 
armature,  the  dynamo  ought  to  be  worked  at  such  a  degree  of 
excitation  that  its  total  magnetic  reluctance  is  run  up  to  be  twice 
as  great  as  that  of  the  gap-space  alone.  This  is  indeed  no  other 
than  the  diacritical  stage  of  magnetization,  the  permeability  in 
gross  of  the  magnetic  cireuit— iron  and  air  together — being  at 
this  point  reduced  to  half  its  initial  value. 

;  or  page  444  ot  Uie  fourth 
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CHAPTER  XVII. 

EXAMPLES  OF  CONTINUOUS-CURKENT  DYNAMOS. 

Continuous-current  dynamos  are  made  in  different  pat- 
terns for  different  kinds  of  sei-vice,  and  differ  not  only  in 
size,  but  in  the  voltage  at  wliich  they  are  designed  to  operate. 
The  chief  varieties  are  enumemted  belew : — 
'  For  incandescent  lighting  and  general  diatrihution  atcon^ 
stant  pressure.  Usually  at  100  to  110  volts.  Occasionally 
for  isolated  plants  at  50  or  60  volts.  Occasionally  at  120  or 
126  volts. 

Ditto  for  three-wire  distribution^  200  to  250  volts. 

Ditto  for  jive-wire  distribution^  400  to  500  volts. 

All  the  above  are  usually  shunt-wound  for  station  use,  or 
compound  wound  for  isolated  plants. 

For  tramway  generators  400  to  500  volts,  usually  shunt- 
wound,  or  compound-wound,  or  over-compounded. 

For  arc-lightning  in  series^  usually  series-wound,  to  operate 
at  10  ampdres,  voltage  varying  up  to  2000  or  3000  volts. 

For  accumulator-charging^  shunt-wound,  with  magnets  not 
too  highly  magnetized. 

For  electroplating^  electrotypiyig^  and  electrochemical  pro^ 
cesses^  usually  shunt-wound,  at  low  voltages,  but  to  carry 
Arery  large  currents. 

For  long-distance  transmission  of  poiver^  usually  series- 
i¥0und  at  1000  to  2000  volts,  or  more,  though  for  this  pur- 
pose alternate-current  machines  are  pieferable. 

In  the  present  chapter  no  "attempt  is  made  to  describe  or 
enumerate  all  the  modem  machines  in  the  market.  A  few 
leading  varieties  only  are  mentioned,  many  excellent  machines 
by  first-rate  firms  being  necessarily  omitted  for  want  of  space. 
In  former  editions  .of  this  book  many  forms  have  been  de- 
scribed that  are  now  omitted.  In  the  Frenck  edition  of  this 
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Trork  the  translator,  M.  Boistel,  has  added  a  valoable  sup- 
plement describing  the  current  types  made  in  France. 

Qramme  i)ymamo8.— I  nnumei-able  forms  have  been  given  to 
the  Gramme  machine  at  different  dates  since  its  appearance 
in  1871,  varying  from  small  lalroratory  machines  with  per^ 
manent  steel  magnets,  such  aa  are  shown  in  Fig.  7,  p.  14,  to 


Fro.  873.— Oraume  Dynamo,  "A"  Pattbem. 
large  machines  absoibingseveral  hundred  horse-power.    Those 
who  desire  more  detailed  information  concerning  the  viirious 
patterns  of  Gramme  dynamo  sliould  consult  the  earlier  editions 
of  this  work,  in  which  a  number  of  forms  ^  were  described. 

'  Among«t  theae  are  the  improved  forms  designed  by  M.  Marcel  Depres, 
those  designed  by  Mr.  Hochbaus^n,  and  those  made  by  the  Fuller  Company 
of  New  York  ;  Mr.  Wood,  of  New  York,  has  also  perfected  the  design  in 
many  details.  Other  rood  Ideations  have  been  roade  by  M.  Raffard,  by  HM. 
Sautter  Lemonnler  and  Co. ,  and  by  otber  French  engineers :  of  these  somft 
acconnt  ts  given  In  Indualrles,  Nov,  5,  1886.  For  an  account  of  Gnmme's 
historical  exhibit  In  the  Paris  Exposition  of  18f9,  see  IndiiMriet,  vli.  285, 
1889.  Consnlt  also  the  work  entitled  ^dairage  ^lecMque,  by  H.  Fontaine, 
upon  the  electric  lighting  of  the  Paris  Exposition,  published  in  1890.  A. 
new  slow-speed  machine  of  multipolar  type,  designed  "ij  Gramme  m  1802, 
with  flat-rin?  on  the  Schuckert  plan,  Is  described  oi.  V-  638  of  the  Viem^ 
edition  of  this  book  translated  by  M.  BoisteL 
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Tley  should  also  refer  to  the  treatise  of  the  late  Alfred  Niaudet, 
entitled  ISachmet  iltctriqaes  d  courantt  eontinyx,  tyatinut 
Qramme  et  e<mginSres  (1881).  Fig.  272  shows  the  ordinary 
"A"  Gramnie,  the  first  pattern  which  came  into  commercial 
Use,  and  which,  with  little  alteratiou  save  general  strengthetH 
ing  of  the  design,  remains  ia  use  io-^j.  Its  characteristio 
features  are  the  ring-armature,  made  of  bb  iron  wire  0010 
entirely  overwound  with  coils  (descrihed  p.  41),  and  the 
donhle«ircuit  field-magnet  having  consequent  poles  ahoTe 
Bud  helow  the  nmwture. 

CromptotCt  Dynamoi. — Mr.  R.  E.  Crompton,  who  pioneered 
Vttay  of  the  improvements  in  recent  years,  has  brought  tha 
>aooth«ore  armature  machine  to  a  high  pitch  of  perfeotioo. 


Fig.  373,— Cbokpton's  Dynamo  (1887). 

A  general  view  of  tlie  Crompton  dynamo  is  given  in 
Rg.  273,  which  shows  vertical  field-raagneta  with  a  double 
magnetio  circuit. 

Id  some  of  the  most  recent  machines  a  single  m^netis 
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circuit  only  is  employed.  In  tlie  larger  4-pole  machines  for 
central  stations  the  magnets  have  the  form  of  Fig.  101,  No.  27, 
whihtt  drum -armatures  are  used,  of  the  construction  shown  in 
Fig.  236,  p.  308.  AnoUier  improvement  useful  in  machines  for 
furnisliing  large  currents  consists  in  dividing  eacli  conductor 
on  the  external  periphery  of  t)ie  armature  into  two  or  more 
strips,  whicli  are  crossed  under  one  another  at  the  middle  and 
united  together  at  their  ends.  Instead  of  such  imbricated 
ttripg,  rectangular  bara  of  compressed  stranded  wires  are  now 
used  in  large  output  machines.  This  construction  greatly 
diminishes  the  eddy-cuirents  which  are  set  up  in  the  con- 
ductors on  the  surface  of  smooth  cores  if  they  consist  of 
single  rods  or  solid' bars. 

A  complete  account  of  Mr.  Ci'ompton's  successive  stages 
of  improvements*  would  occupy  a  volume  in  itself.  Besides 
the  improvements  made  in  conjunction  with  Mr.  Kapp  on 
general  design,  pp.  291  and  301,  and  more  favorable  use  of 
iron  in  the  armature,  a  number  were  made  in  conjunction  with 
Mr.  Swinburne  ou  various  modes  of  winding,  p.  307,  and  on 
machines  with  conductors  embedded  in  the  core-disks.  Then 
Mr.  Crompton  found  that  it  was  needless  to  insulate  core- 
disks  from  spindle  if  they  were  separated  from  one  another 
throughout  their  surfaces  up  to  the  periphery.  Next  came 
the  question  of  driving-teeth,  and  tlie  thick  driving-diaks 
mentioned  on  p.  296  were  abandoned  in  favor  of  teeth  of 
delta-metal  or  aluminium  bronze,  fitted  into  the  substance 
of  the  compressed  core.  Then  came  the  production  of  imbri- 
cated and  compressed  stranded  conductors  to  obviate  eddy- 
currents.  Lastly,  the  adoption  of  multipolar  series  windings 
for  drum-armatures.  With  large  4-pole  machines  for  central- 
station  lighting  Messrs.  R.  E.  Crompton  &  Co.  have  had 
great  success.  The  construction  of  some  of  their  large-output 
armatures  is  indicated  in  Figs.  235  and  236,  on  p.  308. 

Kapp's  Dynamos. — Mr.  Gisbert  Kapp  has  designed  various) 
forms  of  direct^urrent   dynamos,  some   having   cylindrical 

'See  remarks  by  Mr.  Crompton  (n  Proc.  Inat.  dull  Engineer*,  IxxxlIL 
12S,  18S5  ;  Journal  Soc.  Teleg.  Engineers,  xv.  646, 1886  ;  and  Journal  Intl. 
Elec.  Engineers,  xls.  239,  I8B0,  and  ix.  308,  18S1. 
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ring-armatures,  the  more  recent  ones  di'um-wound  armatures. 
The  best  construction  of  2-poIe  machine  is  Uiat  depicted  in 
Fig.  259,  p.  859,  being  of  the  *'  over  "  type  with  the  armature 
and  shaft  at  the  summit  of  the  field-magnet.  These  machines 
were  constructed  first  by  Messra.  W.  H.  Allen  &  Co.,  later  by 
Messrs.  Johnson  and  Phillips.  In  Plates  I.,  II.,  and  III.  are 
given  drawings  of  a  21-unit  machine  by  the  latter  firm,  giving 
200  amperes  at  105  volts  at  780  revolutions  per  minute.  The 
following  are  the  data  of  this  machine  (and  see  p.  867)  :— 

Armature. — Core  16"  long  by  2J"  deep,  mounted  on  cast-iron 
spider.  Area  of  iron  in  core,  allowing  for  insulation  between 
core-disks,  62*5  sq.  in.  External  diameter  \\i%'.  Conductor  120 
copper  bars,  each  made  of  two  parallel  bars,  0*208"  X  0*110"  in 
section,  united  in  parallel,  affording  0*046  sq.  in.  sectional  area. 
Connectors  120  copper  semicircles  with  lugs;  depth  1(";  thickness, 
0*050".    Resistance  (hot)  0*025  ohm.     Commutator  60  parts. 

Field-magnets.  Diameter  of  bore,  lllS"-  Shunt  winding  11 
layers,  of  139  turns  each,  of  0*065"  diameter  round  copper  wire, 
covered  to  a  diameter  of  0*080",  on  each  limb,  and  the  two  limbs 
connected  in  series.  Total  shunt  turns  8058.  Series  winding  23 
turns  on  each  limb  of  copper  tape,  0*480"  wide  by  0*030"  thick, 
and  the  two  limbs  joined  in  parallel.  Resistance  of  shunt  coils 
(hot)  30*8  ohms  ;  of  series  winding  00079  ohm. 

One  peculiarity  in  this  dynamo  is  the  mode  of  driving  the 
conductors  of  the  armature.    As  shown  in  the  section  in 
Plate  II.,  there  are  introduced  at  intervals  between  the  core- 
disks,  some  thicker  disks  having  ventilating  apertures  and 
projecting  horns  of  steel.     Around  these  steel  horns  are  placed 
pieces  of  hard  white  fibre,  as  driving-horns ;  and  as  these 
project  in  alternate  positions,  the  copper  conductors  cannot 
be  laid  straight,  but  ai-e  given  a  sinuous  form.     Plate  II.  also 
shows  how  the  core-disks  are  clamped  together  by  face-plates 
having  ventilating  perforations  through  them,  the  whole  core 
being  held  up  against  a  collar  on  the  shaft  by  a  screw-nut. 
The  figures  in  Plates  I.,  II.  and  III.  also  show  the  details 
of  the  brush-holder  and  rocker,  the  construction  of  the  field- 
magnet,  the  arrangements  of  the  bearings,  and  the  pattern  of 
lubricator  employed. 
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Mr.  Kapp  has  aUo  designed  some  multipolar  drum  dynamos 
for  central-station  lighting.  In  the  previous  edition  o£  this 
book  there  was  described  a  6-pole  machine  witti  the  armature 
windings  grouped  in  series  so  as  to  need  but  two  sets  ofbrusbes. 
The  windings  are  of  a  cable  o£  stranded  insulated  wire. 

Siemeng'  Dynamo't. — These  originated  with  Messrs.  Siemens 
and  Ualske,  of  Berlin,  who  have  manufactured  many  different 


Fio.  274.— Siemens'  Dynamos  (Vertical  Pattern). 

forms.  In  recent  yeare  there  has  been  some  divergence 
.  between  the  types  followed  in  Berlin  and  those  produced  by 
the  London  firm  of  Siemens  Bros.  Until  about  1890  the 
characteristic  feature  of  all  forms  was  the  drum^irmafcure  ; 
but  the  largest  machines  are  now  made  with  rings.  In  some 
of  the  earlier  patterns  of  Siemens'  machines  the  cores  of   the 
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drum  were  of  wood,  over-spun  with  iron  wire  circumferentially 
before  receiving  the  longitudinal  windings.  In  another  of 
their  machines  there  was  a  stationary  iron  core,  outside  which 
the  hollow  drum  revolved ;  in  other  machines,  again,  there 
was  no  iron  in  the  armature  beyond  the  driving-spindle.  In 
all  the  modern  drums  iron  core-disks  are  now  used.  The  old 
horizontal  pattern  of  Siemens'  dynamo  is  depicted  in  Fig.  8, 
p.  15.  This  was  followed  alK)ut  1880  by  the  vertical  foim 
shown  in  Fig.  274.  The  field  magnets  here  consist  of  forged 
arched  bars  of  wrought  iron,  with  double  magnetic  circuit, 
having  consequent  poles  right  and  left  of  the  armature. 
About  1882  various  ways  of  compound-winding  were  tried,* 
in  some  of  which  the  series  and  shunt-coik  were  wound  on 
the  same  cores,  and  in  othera  on  different  limbs,  tlie  usual 
practice  being  to  wind  the  series-coils  outside  the  shunt 
windings.  Some  large  machines  of  this  vertical  pattern, 
including  three  112-kilowatt  compound-wound  dynamos,  were 
Used  at  the  Inventions  Exhibition  of  1885.  Each  of  these 
was  capable  of  yielding  450  amperes  at  250  volts  at  300 
revolutions  per  minute. 

In  1886  Messra.  Siemens   and  Halske,  after  trying  some 

intermediate  forms  (depicted  in  former  editions  of  this  book), 

adojited  for  outputs  of  from  1  to  80  kilowatts  the  over-type 

"Vrith  field-magnet  consisting  of  a  single  very  massive  casting. 

The  commutators  were  of  iron  bai*s  attached  by  screws  at  one 

end  only,  so  as  to  be  replaceable,  and  insulated  by  air-gaps. 

The  largest  size  has  a  peiipheral  speed  of  2730  feet  per  second. 

The   London    fiim   has    constructed   mucli   larger   drum 

luachines  for  centi-al-station  lighting,  mainly  of  the  under- 

tiiype.     Fig.  275  represents  one  of  these  machines,  corapound- 

"Vround,  with  the  series  winding  on  one  limb  only.     At  the 

^aval  Exhibition  of  1891  were  shown  three  fine  dynamos  of 

3.80  kilowatts  each,  at  the  slow  speed  of  350  revolutions  per 

%iunute.     The  armature  is  24  inches  in  diameter,  36  inches 

long,  and  weighs  2-4  tons;  and  the  entire  dynamo  weighs 

l3-6  tons.     The  armature  conductors  are  stranded  bars ;  the 

^See  series  of  papers  hi  the  Elektrotechnische  Zeitachrift,  March-June. 
l885,  by  D.  O.  Frolich. 
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commutator  of  liard-drawn  copper,  insulated  with  mica,  with 
144  segments,  9  inches  long,  with  three  pairs  of  brushes  to 
collect  the  1500  amperes.  The  rocker  is  provided  with  worm- 
wheel  to  adjust  the  proper  lead.  There  are  two  independent 
circuits  o£  72  turns  each,  which  me  put  in  parallel  with  one 
another  by  the  brushes,  which  are  made  broad  enough  to 
overlap  three  consecutive  bars  of  the  commutator. 

Towai-ds   the    end   of  1886    a   form   of  multipolar  ring 
machine,  with  ring  external  to  the  field-magnets,  was  brought 


Fia.  275.— SiEHHNS'  Dynamo  (London  tj^pe  of  18M). 
out  almost  simultaneously  by  Messrs.  Ganz  of  Buda-Pesth, 
Messrs.  Fein   of   Stuttgart,   and    by  Messrs.   Siemens  and 
Halske   of  Berlin.^     It   will   he   sufficient  to  describe   the 
machines  of  the  latter  firm. 

The  field-magnet  is  stationary  and  internal  to  the  ring. 
In  the  small  machines  tins  consists  of  a  substantial  crosa- 
ehaped  mass  of  cast  iron,  tiirough  the  centre  of  which  passes 
the  driving-shaft.  The  four  poles,  after  receiving  the  exciting 
coils,  are  furnished  with  polar  expansions,  which  approach 

'For  turther  Information  about  the  various  machines  of  this  type  sea 
Elektrotechnisclie  Zeltaclirift  for  April  and  May,  18S7;  La  Lnmlire  ^leo- 
trique,  xxiv.  ]S2,  1887;  Central'ilnlt  fur  Elp>elroiecrin!k.  Ix.  180,  410,  Mid 
fiSl,  1887,  and  the  Official  Iteport  of  the  Franlcfort  Exhibition  of  1861. 


Examples  of  Continuous-Current  Dynamos.  467 

eloise  to  the  inside  of  the  nng.  The  ring  core  is  made  up  of 
thin  iron  washers  bolted  together,  and  is  overhung,  being 
supported  on  one  side  by  a  bi*ass  spider  keyed  to  the  shaft* 
A  machine  of  this  type,  weighing  2660  lbs.,  with  an  output  of 
25  kilowatts  at  480  revolutions  per  minute,  had  a  ring  20  cm. 
broad  and  of  64  cm.  internal  diameter.  The  advantages 
of  this  type  are  the  ease  of  repair,  the  immense  cooling  sur- 
face of  the  armature,  and  the  non-necessity  of  applying  binding- 
wires.  In  the  larger  machines  the  brushes  are  applied  against 
the  exterior  of  the  ring  itself,  with  the  result  that  the  most 
noticeable  feature  of  the  machine  is  the  enormous  commu* 
tator  and  the  huge  star-shaped  brush-holder  which  supports 
the  various  sets  of  brushes  (see  Plate  VIII.). 

In  the  central  stations  of  Berlin  and  other  Geiman  cities 
these  large  dynamos  are  combined  with  huge  engines  of  the 
marine  type,  the  whole  having  a  very  imposing  appearance. 
In  Plate  VIII.  are  shown  some  of  these  machines,  the  largest 
hitherto  made,  in  the  station  at  Schiffbauerdamm,  Berlin.  The 
dynamos  are  mounted  in  pairs  on  the  ends  of  the  main  shaft 
of  an  enormous  compound  condensing-engine  of  marine  type, 
by  Kerchove  and  Co.,  of  Ghent,  having  5  feet  5  inches  stroke, 
the  diametera  of  the  cylinders  being  respectively  2  feet  6  inches 
and  4  feet  5  inches,  giving  1180  indicated  H.P.,  or  1000  actual 
H.P.,  at  75  revolutions  per  minute.  Each  dynamo  in  capable 
of  giving  2000  amperes  at  140  volts,  at  only  60  tevolutions 
per  minute.  The  field-magnet  has  10  salient  poles,  with 
rectangular  cores  fixed  to  an  annular  yoke-ring,  which  is 
carried  in  a  (J-shaped  support  on  the  bearing.  The  exciting 
colls  are  all  joined  together  in  series,  and  connected  in  shunt 
to  the  armature.  The  armature  is  built  of  core-rings  mounted 
on  insulated  arms,  which  project  from  a  bronze  star-wheel, 
thus  overhanging  the  field-magnet.  Fig.  229,  p.  302,  showa 
the  detail  of  constniction.  The  winding,  as  that  figure  shows> 
consists  exteriorly  of  straight  copper  bai's,  united  by  other 
pieces  of  bejit  form  which  pass  through  the  inside  of  the  ring 
-^rora  the  end  of  one  straight  bar  to  tlie  beginning  of  the  next, 
-fchus  constituting  a  spiral  and  endless  winding.  The  collecting 
iDrushes  trail  against  the  exterior  of  tlie  periphery  of  the 
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armature,  which  thus  serves  as  commutator,  and  is  9  feet  in 
diameter.  The  brush-holders  are  mounted  on  a  stellate 
rocker,  by  which  they  can  all  be  simultaneously  shifted  for- 
ward or  back.  The  brushes  can  also  be  all  raised  simul- 
taneously out  of  contact  by  a  lever  /,  united  by  connecting 
rods  to  another  star-piece.  Plate  VIII.  shows  separately  the 
star-shaped  rocker.  At  the  Spandauerstrasse  station  are  four 
such  engines  of  1000  nominal  H.P.,  each  diiving  two  dynamos, 
supplying  in  total  40,000  to  60,000  lamps.  At  the  Mark- 
grafenstrasse  station  are  four  single  steam  dynamos  of 
400  H.P.  each.  At  the  Maueratrasse  station  are  three  double 
steam  dynamos  of  1000  H.P.,  and  two  single  of  400  H.P.  each. 
At  the  Schiffbauerdamm  station  are  six  double  steam 
dynamos  of  1000  H.P  each. 

At  the  Frankfort  Exhibition  of  1891  a  similar  800  kilowatt 
dynamo  was  shown  ^  direct-driven  from  a  triple  condensing 
3nginG  by  Kuhn  of  Stuttgart,  giving  2200  ampei-es  at  150 
volts  at  65  revolutions  per  minute.  The  magnet  of  this 
dynamo  had  10  poles,  being  272  cm.  in  diameter.  The 
external  diameter  of  the  ring  was  310  cm.,  wound  with  810 
convolutions,  each  bar  being  about  1  cm.  wide,  with  paper 
insulation.  There  were  10  sets  of  brushes,  three  in  each  set, 
each  brush  being  4*5  cm.  wide,  of  rectangular  copper  wire. 
The  star-piece  carrying  the  overhung  armature  was  of  cast 
iron,  with  30  arms,  supporting  the  core-disks  by  means  of 
30  insulated  steel  bolts.  To  collect  the  currents  the  five 
positive  brush-sets  are  united  together,  and  the  five  negatives 
are  also  Connected  together ;  the  currents  being  conveyed  to 
the  mains  by  flexible  cables.  At  a  speed  of  100  revolutions 
per  minute  this  machine  reaches  an  output  of  600  kilowatts. 

Oerlikon  Co.^8  DynamoB, — For  many  years  past  the 
Oerlikon  Machine  Works  near  Ziirich  has  produced  excellent 
machines.  Till  1892  the  chief  designer  was  Mr.  C.  E.  L. 
Brown.  Since  that  date  Mr.  Kolben  has  been  mainly  respon- 
sible. Of  their  many  types  of  machine  but  a  few  can  be 
described. 

Plate  IV.     Glow-lamp   Dynamo^  28  kilowatts. — Output 

^  See  description  by  Esson  in  Electrical  Review^  xxix.  342,  1801. 
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400  amperes  at  70  volts ;  38  H.P.  at  400  revolutions  per 
minute.  This  machine  resembles  the  "  Manchester  **  type, 
but  is  even  more  massive,  and  is  now  made  with  drum  instead 
of  ring  winding.  The  core-disks  are  keyed  to  a  long  sleeve, 
and  they  are  pierced  to  receive  the  copper  conductors ;  the 
perforations  being  12  mm.  in  diameter,  sunk  1  mm.  below  the 


fXk  970.— Bbown'S  4-fole  Dynaho  (Obrlikok  Cai  ] 
END  View.    (Scale  1 1  34.) 

P^'^phery.  The  thickness  of  the  gap«pac6  from  iron  to  iron 
•8  tHufl  reduced  to  2-5  mm.  Core^sks,  external  diameter 
^^'4  cm.,  internal  diameter  22  coi.,  thickness  0-6  mm.; 
|"*>*»l>er  670,  insulated  with  paper.  Total  sectional  area  of 
iron  Jq  armature  480  sq.  cm.  Number  of  conductors  around 
■^tVY^iery,  80  ;  commutator  bars,  40 ;  resistance  of  armature. 
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brush  to  brash  0-00525  ohm.  Field-magnets,  shunt  wound 
with  2800  windings  of  wire,  8-2  mm.  diameter;  resistance 
6  ohms,  with  about  1  ohm  extra  in  series  for  regulation  at 
above  speed  and  output.  Conductors  passing  through  holes 
in  armature  are  round  copper  9-2  mm.  in  diameter.  The 
end-connectora  are  of  strip  copper  in  two-legged  pieces  bent 
into  STolute  spiral  sh&pe,  as  in  Fig.  282,  p.  SO&t 


Ro.  277.— Beown's  4-polk  Dynamo.    Lonqitudinal  SEcnoH. 

Pigs.  276,  277,  and  278.  l^ourfoXe  Ring  Dynamo  for 
Tranamusion  of  Power,  170  Mowarts.— Output  270  amperes 
at  625  volts ;  240  H.P.  at  500  revolutions  per  minute.  These 
machines,  of  which  two  were  shown  in  the  Pam  Exposition 
of  1889,  stand  nearly  8  feet  high.  They  are  ring-wound,  with 
the  windings  external  to  the  core-disks,  as  the  construction 
vith  conductors  embedded  in  holes  was  not  thought  suitable 


TOR      SHE> 
.TS. 


•K\ 


\. 


V-' 


1     \ 


n 


:-j 


;> 


r^ 


% 


IZ~  . 


Examples  of  Continuous-Current  Dynamos,     411 

then  for  machines  exceeding  100  volts.  The  cast-iron  magnets 
are  arranged  tadially,  and  are  united  by  a  very  massive 
yoke  ring,  the  lower  half  of  which  is  cast  in  one  piece  with 
the  frame  and  the  supports  for  the  bearings.  The  arma" 
tore  is  96  cm.  in  diameter,  and  60  cm.  deep.    Core-diska* 


FIQ.  378.— BBOwn^  4-pole  Dtkamo  (Oerlieom  Co.,  188(1). 

internal  diameter  66  cm.,  external  diameter  96  cm.,  thick> 
aesa  0^  mm.,  insulated  witlj  paper ;  net  sectional  area  of  iron 
in  ling,  660  sq.  cm. ;  ga[>«pacei  iron  to  iron,  16  mm. ;  winding 

(generator)  400  turns  of  cable  containing  19  strands  of  1*3  mm. 

wire,  wound  in  one  lajer  ext«mally  and  two  layers  internally  t 
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resistance,  brush  to  brush,  0-025  obm. ;  cross-connections, 
none ;  comniutator,  200  parts.  Field-magnet  coils  in  seiies 
witb  armature,  and  are  each  wound  with  60  turns  of  1  mm. 
copper  sheet  30  cm.  in  width.  Weights  are  ss  follows : — 
Frame  and  magnet  cores  11,600  kilos,  armature  iron  1430, 
armature  copper  132,  armature  complete  2420,  magnet  copper 
1370.  Total  weight  of  complete  machine,  15,700  kilos,  or 
nearly  16  tons.  At  500  revolutions  per  minute,  it  can  be  run 
at  260  H.  P.  continuously  night  and  day.  Jf  run  in  day  only  the 
cun-ent  may  be  increased  so  as  to  work  at  800  H.  P.  Com- 
mercial eiHciency  at  full  load  93-94  i>er  cent. 

The  machine  used  as  motor,  with  the  above  generator,  is 
nearlyidentical,  the  only  difference  being  that  there  is  slightly 
less  iron  in  the  armature,  and  there  are  only  364  windings 
with  a  184-part  commutator.  Modified  in  this  way  the  speed 
is  constant,  though  the  loss  in  the  line  vnries  with  the  load- 
Fig.  279,  Eight-pole  Ring  Dynamo  for  Electrometallvrgieal 
Purpoge», — For  the  use  of  the  aluminium  industry  Mr.  Brown 
designed  6-pole  and  8-pole  dynamos.  That  depicted  in 
Fig.  279  was  a  300  H.  P.  machine  working  iu  the  aluminium 
establishment  at  Neuhausen.  Tins  was  the  first  dynamo  of  the 
vertical  pattern  designed  to  run  upon  a  vertical  turbiue.  With 
an  average  output  of  3000  amperes  the  machine  runs  spark- 
lessly.  The  mode  of  ci-oss-connecting  each  part  of  the  ring- 
winding  to  the  two  points  of  the  commutator  45°  distant  is 
accomplished  by  bent  two-legged  strips  of  copper,  as  shown. 
Fig.  280  depicts  a  24-poIe  vertical  shaft  dynamo,  designed 
in  1891  for  the  aluminium  industry.  The  moving  armature 
weighs  12  tons,  and  revolves  at  150  tuins  per  minute  ;  total 
height,  12j  feet;  total  weight,  34J  tons.  Its  output  is 
7600  amperes  at  55  volts ;  being  about  600  H,  P.  To  collect 
this  current  there  are  24  ranks  of  brushes,  five  brushes  in  each 
rank,  equi-spaced  around  a  commutator  1'7  metres  in  dia- 
meter. The  commutator  is  below  the  armature,  which  is 
drum-wound,  having  stranded  conductors  laidiu  perforations 
thi-ough  the  core-disks.  The  field-magnet  is  constituted  of  a 
crown  of  24  inwardly-pointing  poles  of  cast  iron  ;  it  is  sup- 
ported upon  a  ring  of  masoniy  exterior  to  the  machine. 


Fm.  vn.—VmxncAi^aAFT  6-polb  Dynamo  for  Dsb  with  Tcrbus 
(Obrukon  Col 
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FlQ.  280.— Oerukon  Co. '8  Dynamo  for  Electrometallqbqt. 

The  Oeilikoii  Co.  hiis  built  numerous  other  vertical  shaft 
machines  for  turbine  work,  amongst  thera  being  the  alter- 
nators  described  in  Chapter  XXIII. 

Fig.  281  depicts  a  60  kilowatt  4-pole  machine,  which  may 
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be  regarded  as  a  development  from  the  earlier  form  <A 
Fig.  278.  The  armature  is,  however,  drum-Tvound.  It  ■was 
separately  shown  in  Fig.  237. 

Srouni'a  Dynamot. — Since  1892,  when  the  firm  of  Brown, 
Boveri  &  Co.  began  operations,*  Mr.  Brown  has  designed 
many  typee  of  machines,  notably  those  of  the  vertical-shaft 


Fig.  381,— Okrijkon  Co.'b  4-polr  60  Kilowatt  Dtnamo. 
(1890  type). 

type  for  turbine  use.  Plate  VI.  gives  a  view  of  a  recent 
4-pole  continuous-current  machine  u^ed  as  exciter  for  the 
large  "umbrella"  alternators  in  the  turbine  house  of  the 
town  of  Aarau.  The  armature  has  the  cylindrical  winding 
described  on  page  310. 

Fig.  282  illustrates  a  special  6-pole  dynamo  designed  by 
Brown  for  use  on  the  Heilmann  locomotive :  a  service  for 
which  lightness  of  weight  relatively  to  output  is  essential.  As 
it  must  ran  at  a  high  speed  a  ring-winding  is  preferred.     The 
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actual  weight  is  less  than  26  lbs.  per  liorse-power.  It  weighs, 
without  the  hinder  bearing,  7200  kilogrammes,  the  armature 
being  2400kiloe.  Its  normal  output  is  600  H.  P.,  its  maximum 
T/iO,  At  400  i-evolutions  per  minute  it  gives  out  920  amperes 
at  455  volts.     It  is  separately  excited,  and  directrdiiveii. 

Messrs  Brown,  Boveri  &  Co.,  continue  to  use  the  bipolar 
type  of  Plate  IV.,  but  tlio  new  Hesij^ns  have  more  massive 


Fio.  28S— Bkowii'b  B-fole  Dynaho  roR  the  Heilmakh  Looo]fcnfv& 


yokes  with  a  deep  V'^haped  depression  at  the  middle.  For 
transmission  of  power  they  have  recently  built  some  of  these 
machines  with  the  magnets  in  the  nuiin  circuit,  carrying  40 
amperes  at  2500  volts.  For  all  oi-dinary  lighting  and  distri- 
bution of  power  their  type  for  continuous  currents  remains, 
however,  the  4-pole  machine  much  on  tlie  lines  of  Fig.  278. 
The  armature,  however,  is  the  cylindrical  drum  described 
above  (Fig.  240,  p.  311)  ;  and  the  magnet  cores  are  of  circular 
eectioti  without  any  polar  expansions.     Thefield-magDettben 
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consists  simply  of  two  castings  bolted  together,  with  the  pole- 
faces  bored  out. 

Bru%h  Co^%  Dynamos. — The  Biiish  Electrical  Engineering 
Co.  manufactures  several  diffei*ent  types  of  continuous-current 
dynamos.  For  small  sizes  the  type  preferred  is  of  the  bipolar 
over-type,  liaving  magnets  and  bed-plate  cast  in  one,  and  a 
simple  drum  armature.  For  outputs  from  1  to  7  kilowatts 
a  machine  of  ^^  Manchester  "  type  with  ring-winding  is  used. 
For  outputs  up  to  36  kilowatts  and  for  motor  work,  the  type 
prefeired  is  a  4-pole  machine  with  armature  of  the  flat-ring 
type,  pi*oduced  under  the  patents  of  Mordey,  Wynne,  and 
Sellon,  to  which  the  not  very  apt  name  of  the  *•  Victoria** 
dynamo  has  been  given.  The  development  of  the  Victoria 
machine  from  the  original  Schuckert  machine  commenced 
with  the  discovery  by  Mr.  Moixley,  by  the  aid  of  his  method 
of  examining  tb.e  distribution  of  potentials  round  coIlect<^i'S, 
that  by  i*educing  the  size  of  the  pole-pieces  to  make  space 
for  a  4-pole  field,  tlie  electrical  output  was  doubled,  without 
inci'ease  of  speed,  when  using  the  same  ring  as  employed  by 
Schuckert  with  a  2-pole  field.  The  pole-pieces  in  the  earlier 
Schuckert  machine  consisted  of  hollow  iron  shoes  or  cases 
which  occupied  a  large  angular  bi*eadth  along  the  circum- 
fei-ence  of  the  ring.  The  Mordey-Victoria  machine  has  a 
narrower  form  of  pole-piece,  not  covering  more  than  35°  of 
angular  breadth  of  the  circumference  of  the  armature.  Fig. 
283  represents  the  4-pole  Victoria  dynamo  as  now  constracted. 
The  pole-pieces  are  of  cast  iron  shrunk  upon  the  cylindrical 
cores  of  soft  wrought  iron  which  receive  the  coils.  The  arma- 
ture of  the  Victoria  dynamo  has  several  times  been  modified, 
and  its  core  is  now  made  of  almost  square  section.  It  is 
built  up  of  charcoal  iron  tape,  coiled  upon  a  strong  foundation 
ring,  contact  between  successive  layers  being  prevented  by 
coiling  paper  between.  Special  pains  have  been  taken 
throughout  to  ensure  that  there  are  no  electric  circuits  made 
in  the  bolting  together  of  these  cores,  each  layer  being  insu- 
lated from  the  adjacent  layei-s.  Eddy  currents  in  the  core 
are  thus  almost  entirely  obviated.  The  foundation  ring  and 
some  of  the  inner   convolutions  of  tape  are  slotted  out  to 
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receive  tlie  gnn^netal  arms,  of  which  there  are  two  seta 
clamped  together,  one  on  either  side.  Fig.  283  showa  this 
constructioD  and  the  method  of  securing  the  ring  to  the  shaft 
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\sj  lock-cute.  Square  wire  ifl  used  for  winding  the  armature 
coils,  and  as  they  do  not  cover  the  entire  external  periphery 
of  the  armature  core,  there  is  ample  veatilation.  The  winding 
is  of  one  coatinuons  wire,  and  the  crossings  are  effected  at 
the  outer  periphery.     End-play  is  prevented  by  the  use  at 


EI0.  384.— EUfolaa  Dthako  (Bnuh-FUcOQ  Type). 

one  end  of  a  deeply-grooved  Babbitt-metal  thrust-bearing. 
Mr.  Mordey,  as  mentioned  in  Chapter  XII.,  reduced  the 
number  of  brushes  to  two,  by  the  device  of  cross-connecting. 
Such  machines  are  now  guaranteed  under  tender  to  run  at  a 
commercial  efficiency  of  92  per  cent. 

A  lai^er  type  of  Victoria  machine,  having  six  poles  alternately 
N.  and  S.  set  round  the  ring,  was  illustrated  in  earlier  editions  of 
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this  woi^.  As  each  segment  of  the  collector  is  connected  with 
those  situated  at  120^  and  240°  distance  round  the  set,  only  two 
brushes  are  required. 

The  advantage  originally  claimed  for  the  flat-ring  construction, 
that  it  allows  less  of  the  total  length  of  wire  to  remain  ''  idle'" 
on  the  inner  side  of  the  ring,  is  rather  imaginary  than  real,  for 
the  total  resistance  of  the  armature  is  but  a  small  fraction  of  the 
whole  resistance  of  the  circuit ;  and  it  is  possible  to  spread  the 
field  so  as  to  make  all  parts  of  the  wire  active  without  any  gain 
whatever,  if  by  this  spreading  there  is  no  increase  on  the  whole 
in  the  total  number  of  lines  of  force  in  the  field.  The  real  reasons 
in  favor  of  multipolar  fl£|,t-ring  armatures  appear  to  be  the  follow- 
ing:— First,  their  excellent  ventilation  ;  second,  their  freedom 
from  liability  to  be  injured  by  the  fiying  out  of  the  coils  at  Jiigh 
speeds;  third,  their  low  resistance,  due  to  the  fact  ^hat  the  sepa- 
rate sections  are  cross-connected,  either  at  the  brushes,  or  in  the 
ring  itself,  in  parallel. 

For  outputs  from  11  to  270  kilowatts  the  Brush  Co. 
manufactures  bipolar  machines  of  the  under-type,  having 
drum-wound  bar  armatures  with  evolute  end  connectors. 
These  machines  have  forged  magnets ;  their  magnetizing 
coils  being  protected  by  a  lagging  of  sheet  steel.  For  equ^l 
output  they  take  less  floor-space  than  the  4-poIe  type,  though 
in  some  other  respects  they  are  less  advantageous.  Their 
general  aspect  is  shown  in  Fig.  284. 

Mather  and  PlatVs  Dynamos: — Figs.  285  and  286  illus- 
trate the  "  Manchester"  dynamo,  designed  by  Dr.  E.  Hopkin- 
son.  Its  compact  field-magnet  has  cylindrical  wrought-iron 
cores,  and  massive  cast-iron  yokes.  The  armature  \s  a 
modified  Gramme,  with  low  resistance  and  careful  vencilation. 
The  commutator  consists  of  40  bars  of  toughened  brass  insu- 
lated with  mica.  It  is  usual  in  these  machines  so  to  shape 
the  pole-pieces  that  there  is  a  smaller  clearance  opposite  the 
highest  and  lowest  points  of  the  armature ;  this  concentrates 
the  magnetic  field  and  helps  to  prevent  its  distortion  by  the 
armature  current.  In  a  24-unit  machine  (designed  for  300 
lamps)  of  this  pattern  the  armature  cores  are  12  inches  long 
and  12  inches  in  diameter,  with  120  turns  of  wire.  The 
resistances  are :  armature,  0*023  ohm ;  shunt,  19.36  ohms ; 
series  coil,  0*012  ohm.     With  a  speed  of  1050  revolutions  per 
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minute  the  curreDt  was  220  amperes,  the  machine  being 
nearly  self-regulating  for  111  volts ;  its  efficiency  itt  90-9  per 
cent* 


Fia.  285.— "Hancherter"  Dynamo  (End  EleTatkm). 

^^essrs.  Mather  and  Piatt  also  manufacture  the  Edison* 
,"**Jikinaon  dynamos  depicted  in  Fip.  287.  Dr.  J.  Hopkinson 
'^C^roved  the  original  bipolai'  Edison   machine  by  making 


Flo,  28S.— "  UASCHnncs  *  DnfAVO  (Front  ElOTstl(H4> 

^-■^a  magnetic  circuit  more  compact,  and  by  reconstructing  th» 
*~^*~»ature  with  cores  of  larger  section  and  better  mechanical 

J  One  of  Qieee  machines  is  very  fully  described  in  the  paper  by  Drs. 

-3W4  B.  Hopkiiwon  in  the  Pfitl.  TVanx.  for  1886. 
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eolistruction.    In  the  older  construction,  the  bolts  and  their 
attached  end-pieces  furnished  a  circuit  in  which  idle  cun*ents 
were  constantly  running  wastefuUy  round,  with  consequent 
heating  and  loss.    Dr.  Hopkinson  also  introduced  the  im- 
provement of  winding  the  magnets  with  a  copper  wire  of 
square  sectiou,  wrapped  in  insulating  tape.     This  wire  packs 
more  closely  round  the  iron  cores  than  an  ordinary  round  wire. 
A  remarkably  complete  account  of  one  of  these  dynamos, 
constructed  by  Messrs.  Mather  and  Piatt,  was  published  in 
1886.^    As  this  machine  is  often  referred  to  in  the  theoretical 
chaptera  of  this  book,  a  detailed  account  of  it  is  important* 
Its  design  may  be  gathered  from  Fig.  287. 

The  machine  described  is  intended  for  a  normal  output  of  8^ 
amx^eres  at  a  pressure  of  105  volts,  running  at  750  revolutions  per 
minute.  The  field-magnet  consists  of  two  limbs  connected  by  a 
yoke  of  rectangular  section.  Each  limb,  together  with  its  pole- 
piece,  is  formed  of  a  single  forging.  The  wrought  iron  used  for 
these  and  the  yoke  is  of  annealed  hammered  scrap  ;  the  magnetic 
proi)erties  being  those  described  in  Chapter  IV.  The  section  of  the 
limbs  is  nearly  rectangular,  with  rounded  comers.  The  yoke  is 
bolted  to  the  limbs,  the  joints  being  well  surfaced.  The  bed-plate  is 
of  iron,  a  zinc  base  12 '7  cm.  high  being  interposed.  The  armature 
core  is  built  up  of  about  1000  thin  plates  of  soft  rough  iron,  insulated 
from  the  shaft,  and  separated  by  paper  from  one  another.  They  are 
held  between  two  end-plates,  one  of  which  is  secured  by  a  washer 
shrunk  on  the  shaft,  and  the  other  by  a  screw-nut  and  lock-nut. 


The  following  are  the  dimensions  of  the  iron  parts  : — Diameter  of  armature 
core,  24*4  cm.  ;  of  internal  liole,  7 '62  cm.  ;  of  shaft,  6*98  cm.;  length  of  core, 
50*8  cm.  Length  of  field-magnet  limb,  45-7  cm.  ;  breadth,  22'1  cm.  ;  width 
(parallel  to  shaft),  44*4.5  cm.  Length  of  yoke,  61*6  cm.  ;  width,  48*8  cm. ; 
depth,  23'2  cm.  Diameter  of  bore  of  field-magnets,  27*5  cm. ;  depth  of  pole- 
piece,  25*4  cm. ;  width  (parallel  to  shaft),  48'3  cm. ;  width  between  pole-pieces, 
12*7  cm.  Area  of  section  of  iron  in  armature  core,  810  sq.  cm.  Angle  sub- 
tended by  bored  face  of  pole-pieces,  120^.  Actual  area  of  pole-piece,  1513  sq.cm. 


1  See  paper  on  J>ynamo-€lectric  Machinery,  by  Drs.  J.  and  E.  Hopkinson, 
^  the  Philosophical  Transactions  for  18$0,  Part  I.  Tliis  most  valuable  paper 
'^aw  reprinted,  but  without  the  plates,  in  the  Electrical  Review,  vol.  xvlii, 
^^86.     It  was  also  printed  in  the  Electrician^  xviii.  39,  63,  86,  and  175,  in 

iues  of  Nov.  19th  and  26th,  and  Dec.  .3rd  and  31st,  18S6,  where  the  figures 

the  plates  are  printed  in  the  text.    It  is  reprinted  in  Dr.  Hopkinson' s  book. 
C — Vol.  4 
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«fr«ctiTe  area,  1600  sq.  cm.    Thickness  of  gap  space,    I'S  cm.    Area  at 
•ectlon  of  limbs,  080  sq.  cm.  ;  ditto  of  yoke,  1120  sq.  cm. 

The  wlndlHRs  Are  as  follows  r— Ma^elizing  coils,  11  layers  on  each  limb 
of  copper  wire,  2'41^  mm.  diameter.  Total  con  vol  utloi  is,  H260;  total  length, 
4570  melees.  Armature,  40  convolutions  in  two  layers  of  20  convolutions  of 
Btnuided  copper  wire,  consisting  of  16  strands  of  wire  ITW  mm.  diameter. 
ReslsUnce  (at  13*5°  C.) :  field-magnet,  16-03  ohms  ;  armature,  O-OOOgMT 
ohm.  Normal  magnetizing  current,  6  amperes.  Commutator,  40  copper 
bars  insuUt«d  witli  mica.     (Further  data  are  given  on  p.  354.) 

Recent  tests  witli  Edison- Hopkin^ii  dyimmos  constructed 
by  Messrs.  Mather  and  Piatt,  of  Manchester,  show  that  they 
have  an  ecniioniic  coefficient  of  over  95  per  cent.,  and  iin 
actual  ctimmercial  efficiency  of  over  93  per  cent.  These 
machines  have  u.snally  from  two  to  five  separate  brushes  at 
either  side,  capable  of  separate  lemoval,  so  that  they  may  be 
trimmed  without  stopping  the  machine.  In  order  to  bring 
the  neutral  points  of  the  commutator  to  convenient  positions 
right  and  left,  the  coanecting  pieces  which  join  the  commu- 
tator bars  to  the  armature  windings  are  carried  spii-ally 
through  about  90°.  The  makers  of  these  machines  liave 
modified  in  detail  the  winding  of  the  armature,^  enabling 
them  to  use  copper  bars  instaad  of  stranded  wire.  They 
shape  the  pole-pieces  to  diminish  distortion  of  field,  and  con- 
nect tlie  armature  bars  acrass  the  ends  of  the  armature  by 
evolute  spiral  connectors  in  two  layers,  like  those  used  in 
Siemens'  electroplating  dynamos. 

Figs.  288  and  289  depict  the  large  225  kilowatt  dynamos 
built  by  Messrs.  Mather  and  Piatt  for  the  South  Londoa 
Electric  Railway.  Tliey  are  further  shown  in  Plate  IX. 
They  have  a  maximum  output  of  450  amperes  at  600  volts 
when  ruuning  at  500  revolutions  per  minute.  The  limbs  and 
yoke  are  of  wrought  iron,  tlie  polar  masses  of  cast  iron.  The 
armature  conductors  are  copper  bai-s,  and  the  resistance  from 
brush  to  brush  is  0-017  ohm.  That  of  the  shunt  coil  is  96 
ohms,  of  the  series  coil  0-015  ohm.  The  compound  winding 
is  not,  however,  of  much  service  for  such  mpidly  varying  loada 
as  occur  in  railway  work,  for  with  such  massive  magnets 
changes  of  magnetism  cannot  take  place  rapidly  enough  ;  and 
the  slow-speed  engine-s  do  not  govern  rapidly  enough.     The 

1  See  /lulustHet,  li.  &4S,  1U87  ;  and  Specification  ol  Patent,  4884  of  lasa 
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weight  of  magnets  and  pole-piecea  la  85  tons,  Uiat  of  the 
yoke  S.05  tons,  o£  the  aimatme  2-85  tons;  whilst  each  com- 
plete machine  with  its  l>ed-pliite  weighs  17  tons, 

For  railway  and  tramway  woik,  Messi's.  Mather  and  Piatt 
now  use  shunt-wound  genei-ators  with  a  stationary  battery  of 
accumulators  which  by  dischaige  relieve  the  generating  plant 
at  the  periods  of  excessive  load,  and  absorb  the  surplus  power 
at  periods  of  light  load,  thus  securing  a  perfectly  steady  load 
on  the  generators.  This  system  has  been  adopted  by  Dr. 
Hopkinaon  on  the  Douglas  and  Lazey  electric  tramway,  with 
the  result  that  the  load  on  the  generators  is  perfectly  steady. 

Some  efticiency  tests  of  a  53  kilowatt  compound-wound 
Edison-Hopkinson  dynamo  dii-ect-driven  at  430  revolutions 
per  minute  by  aWillans  engine  have  been  published.'  Indi- 
cated horse-power  absorbed  85-3;  output  475  ampei'es  at  110 
volts, or  52'2kilowatts,or  700  H.P. ;  making  a  net  efficiency 
of  83-3  per  cent.  The  electrical  losses  were  only  S  per  cent., 
whilst  10  per  cent,  was  lost  in  friction  in  engine  and  dynamo. 

Independent  efficiency  tests  have  recently  been  made  on 
some  large  dj'namos  of  the  Edison-Hopkinson  type,  con- 
structed by  Messis.  Mather  and  Piatt  for  the  Manchester 
Corpoi-ation,  These  machines  are  wound  for  an  output  of 
590  amperes,  at  410  volts,  at  400  revolutions  per  minute,  and 
were  tested  by  Hopkinson's  method  (Chap.  XXX.),  being 
coupled  together  as  generator  and  motor  with  the  loss  in  the 
combination  being  supplied  by  a  third  independently  driven 
machine,  coupled  in  series  with  the  two  armatures,  so  that  all 
the  measurements  were  electrical.  The  i-esistances  of  the 
shunt  coils  are  52-7  ohms  and  of  the  armatures  -01167  ohms. 
The  losses  in  percentages  of  the  power  absorbed  were: — 

In  armature      -■  1-56 

In  shunt  coils —  1-22 

Hence,  electrical  efficiency —  97-22 

Loss  in  friction  of  l»eariiigs,  eddy  cunents,  hys- 
teresis, and  friction  of  lirnslies =  2-11 

Hence  commercial  efficiency,  including  all  losses  —  O-i-ll 

'  The  Eleclricirin,  XKV.  707,  1890. 
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Messi-s.  Mather  and  Piatt  also  construct  a  multipolar  type 
of  machine,  with  the  armature  built  up  after  the  manner  of 
their  ^^  Manchester  "  machine,  but  with  drum  e volute  winding. 
The  winding  is  developed,  either  with  the  convolutions  wound 
zigzag,  so  as  to  bring  the  effect  of  all  the  poles  in  series,  or 
with  the  convolutions  coupled  in  parallel.  In  either  case 
the  bars  of  the  armature,  in  alternate  gaps,  are  at  approxi- 
xnately  the  same  potential,  so  that  there  are  as  many  poiats 
of  commutation  as  poles,  and  the  brushes  in  alternate  gaps 
can  all  be  coupled  parallel.  The  fii*st  winding  is  particularly 
suitable  for  slowHspeed  high-potential  machines  of  large  out- 
put, while  the  second  is  useful  for  machines  of  low  poten- 
tial and  large  current,  such  as  are  fi*equently  required  for 
electrolytic  purposes. 

EdiiorCs  Oo.^s  Dynamos. — In  1879,  after  proposing  a 
sti-ange  sort  of  machine  as  generator,  in  which  inductive  coils 
were  waved  to  and  fro  at  the  end  of  the  prongs  of  a  gigantic 
tuning-fork,  Mr.  Edison,  with  the  assistance  of  Mr.  Upton, 
designed  the  bipolar  machine  which  was  depicted  in  former 
editions  of  this  work.  It  had  a  drum-armature  rotating 
between  heavy  pole  pieces  excited  by  a  very  long  magnet 
with  tall  columnar  limbs. 

In  the  larger  machines  two  or  three  tall  field-magnets  were 
assembled  side  by  side,  over  an  armature  of  double  or  triple 
length.     An   Edison   60-light   "  Z  "    machine   of  the   older 
pattern,  tested  by  the  Committee  of  the  Munich  Exhibition, 
Was  found  to  give  an  efficiency,  which,  if  measured  by  the 
^tio  of  external  electric  work  to  total  electric  work,  ex- 
ceeded 87  per  cent. ;  but  its  commercial  efficiency — the  ratio 
of  external  electric  work  to  mechanical  energy  imparted  at 
^lie  belt — was  only,  at  the  most,  58*7  per  cent.     This  was 
^ue  to  the  production  of  wasteful  eddy-cun-ents  in  the  bolts 
"W-hich  held  together  the  armature  and  other  masses  of  metal. 
^l?he  "  Jumbo  "  steam  dynamos  were  even  less  efficient,  and 
^^quired  a  4  H.P.  fan  to  be  attached  to  the  armature  shaft  to 
eep  them  cool  by  a  forced  draught  of  air. 
Dr.  J.  Hopkinson's  efforts  to  improve  this  machine  resulted, 
detailed  on  p.  420,  in  a  better  design. 
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The  field-magnets  of  all  the  lai'ger  machines  .turned  out 
by  Edison  prior  to  1884  had  a  number  of  long  iron  columns 
as  cores  to  receive  the  coils.  Since  that  date  the  more  com- 
pact arrangement  of  a  single  magnetic  circuit  with  short 
stout  magnets  has  been  adopted  by  the  Edison  companies  on 
both  sides  of  the  Atlantic.  The  usual  form  (type  of  1888) 
of  Ediaon  dynamo,  as  used  in  the  States,  is  depicted  in  Fig. 
290.  The  field-magnets  are  of  cast  iron,  with  a  massive 
yoke,  and  stand  upon  a  high  footstep  of  zinc  to  diminish 
short-ciiouitiDg  through  the  bed-plate.     These  machines  aie 


Pro.  300.— Edkon  Dynamo  0888  Type), 
shunt-wound,  and  are  intended  for  incandescent  lighting 
work.  Tlie  bearings  are  longer  aiid  the  mechanical  arrange- 
ments in  every  way  superior  to  those  of  the  older  macliines. 
At  the  Paris  Exhibition  of  1889  were  a  number  of  these 
bipolar  dynamos  built  by  the  Edison  Machine  Company,  of 
Schenectady,  ranging  from  a  small  2J  kilowatt  machine, 
80  inches  high,  to  one  of  150  kilowatts,  8  feet  6^  inches  high. 
Drawings  of  the  largest  machine  are  given  in  Plate  V.  This 
dynamo  is  capable  of  supplying  1075  amperes  at  125  volts, 
when  running  at  450  revolutions  per  minute.  It  has  a  41-part 
commutator  and  a  41-bar  armature.     There  are  six  blushes 
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in  each  set,  each  1-88  inches  wide  and  about  0*62  inches 
thick.     Its  weight  is  12|  tons. 

Some  particulars  published  in  1890  by  M.  Minet^  con* 
cerning  some  of  these  dynamos  show  that  the  mean  value 
of  B  in  the  gap  space  was  from  3200  to  4100.  The  electrical 
eflSciency  of  the  larger  machines  was  93.8;  the  nett  efficiency 
about  89-7  per  cent. 

Though  this  bipolar  type  has  now  been  abandoned,  some 
statistical  information  may  be  valuable  as  showing  the  rela- 
tions which  have  been  found  to  give  good  results  in  machines 
of  very  different  sizes :  see  following  pages. 

As  these  machines  were  of  exceedingly  good  construction 

some  details  respecting  the  precautions  taken  to  insulate  the 

magnet-windings  will  be  of  interest.     The  ordinary  machines 

Working  at  100  to  125  volts  are  insulated  as  follows: — End- 

I'ings  of  hard  rubber  are  wedged  upon  the  iron  cores  with 

tnica.     When  bits  of  sheet  mica  are  used,  these  are  cut  to  be 

JLJ  inch  wide  and  at  least  8  inches  long;  but  when  ^'made 

lica'^  sheets  are  used,  long  strips  3  inches  wide  are  cut,  and 

onformed  by  heating  to  the  curvature  of  the  core.    In  either 

<3J)se  the  mica  projects  at  least  1  inch  on  the  inner  side  of  the 

:i-ing.     Then   over   the  core  is  laid  one  layer  of  varnished 

i^JUslin  24  mils  thick,  cut  to  the  exact  width  between  the  end- 

j-ings.     Upon   this   are  placed  two  layers  of   plain  pressed 

t3oa.rd   20  mils   thick,  cut  one  inch  wider  than   the  width 

*>et:ween  the  end-rings,  and  serrated  with  V"<5uts  i  inch  deep 

^•"t   its  edges, so  as  to  allow  these  edges  to  make  flanges  against 

^'^^  end-rings,  the  serrations  of  the  two  lay  era  breaking  joint 

^'^  ^  with  the  other.     The  total  thickness  of  core-insulation  is 

'*  '^-^s  64  mils.     A  core-paper  is  laid  l)etween  every  four  layera 

^^      ">vinding.     Between  series  and  shunt  coils,  in  compound- 

^^^^^^^nd  machines  there  is  as  careful  an  insulation  as  on  the 

es.     When  the  winding  is  completed  two  layers  of  pressed 

u'd  are  laid  over,  and  sei*ved  with  an  external  winding  of 

^"d  rope,  and  varnished. 

^or  machines  up  to  250  volts,  4  layers  of  oiled  pressed 
'^-»rd  are  used  over  the  muslin. 

1  La  LumCere  Electrique^  1890,  xxxv.  401.  * 
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Haonbt  Data.    Standard  Bipolar  Machines  (126  Volts), 

Shunt-wound. 


Kno- 

wattB. 

Mean 

Diameter  of 

Helix  of 

Wire  on 

Core 
in  Inches. 

Length  of 
Wlre(calcu- 

lated}on 

both  Cores 

in  Feet. 

Number 

of 
Turns. 

Resist- 
anoe 

Radiating 
Surface 

In  Square 
Incnes. 

Maximum 

Watte 
In  Cores, 
wlthaU 
extra 
Resist- 
ance out. 

Watte  per 

Square 

Inch  of 

Radiating 

Surface. 

2-5 

5-94 

10,825 

6644 

128 

524 

94-88 

0-18 

5 

6-8 

9,000 

5051 

62 

609 

159-5 

0-262 

7-5 

7-7 

10,560 

5230 

51 

985 

177-2 

0-19 

10 

8-8 

11,780 

5120 

42 

1190 

185-5 

0156 

15 

9-5 

14,000 

4880 

51 

1861 

202-5 

0-149 

20 

10-6 

15,000 

5640 

28 

1480 

268 

0-180 

25 

11-8 

15,000 

5400 

48 

1860 

258 

0-188 

30 

12  25 

14,850 

4680 

84 

2075 

889 

0-168 

40 

.  18-9 

14,850 

4075 

25 

2790 

489 

0-157 

50 

16-13 

17,000 

4010 

28 

8620 

469*5 

0-137 

80 

19 

18,800 

8760 

17 

4550 

682 

0-150 

150 

28-5 

18,800 

2980 

6-7 

7200 

995 

0-138 

For  machines  up  to  500  volts  or  more,  8  layers  of  oiled 
linen  5  mils  thick,  not  turned  up  at  edges,  are  placed  over 
the  muslin.  Over  these  come  first  4  layers  of  oiled  pressed 
board,  and  then  2  layers  of  plain  pressed  board,  the  latter 
with  edges  serrated  to  fonn  flanges.  This  makes  a  total 
thickness  of  insulation  159  mils.  Core-papers  are  laid  be- 
tween every  8  layei-s  of  winding,  and  three  layers  of  pressed 
board  are  served  on  the  outside. 

The  armatures  are  equally  carefully  constructed.  The 
core-disks,  12  mils  thick,  are  assembled  in  "  sections  " 
consisting  of  5  disks  with  11  sheets  of  paper ;  a  sufficient 
number  of  sections  being  taken  to  make  up  the  required 
"  body."  The  body  is  held  together  with  insulated  bolts,  each 
enclosed  in  a  paper  sleeve ;  the  core-sections  being  compressed 
by  hydraulic  forces  varying  from  80  to  200  tons.  Both  body 
and  shaft  are  insulated  with  a  coating  of  japan,  several  layers 
of  oiled   paper,  and  a  layer  or  two  of  tape.     Stout  iron 
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end-plates,  secui-elj  keyed  to  the  shaft,  and  nicked  to  receive 
driving  pegs  of  fibre,  are  provided,  with  one  or  two  similar 
plates  at  the  middle  of  the  core ;  while  headings  of  varnished 
muslin  or  canvas  protect  the  ends  of  the  core  from  contact 
with  the  windings. 

General    Slectrio    Co's  Dynamos.^— At   the   Schenectsd; 
works  the  bipolar  Edison  type  of  dynamos  has  been  supe^ 


FiQ.  3ei.-OENXBAL  Elkctuc  Co.'s  Mdltipolae  Dthaho. 

seded  by  multipolar  types.  Fig.  291  gives  a  general  view  of 
a  60  kilowatt  machine  of  the  standard  type  now  adopted  for 
the  sizes  under  100  kilowatts,  having  4  poles.  The  magnet 
cores  and  yoke  are  of  spoeial  mild  steel  soft  castings.  The 
windingsof  the  armature  are  sunk  between  teeth  in  the  core 
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disks,  with  air-ducts  at  intervals.  The  insulation  consists  of 
alternate  laminations  ofsheet  micaand tough  paper.  A  tem- 
perature rise  of  40°  C.  Is  permitted  unless  a  lower  limit  is 
stipulated  for. 

Fig.  292  gives  a  view  of  a  €-t>ole  street-tramway  generator 
of400  kilowatts  at  150  revolutions  per  minute.    The  output  U 


Fls.  2B9.— OctnKAi.  Eutcrsia  Co.'s  STBEnvTaAVWAT  Genkkatok, 

800  amperes  at  600  volta.  These  machines  are  ao  designed 
that  the  flux-density  shall  be  85,000  lines  per  square  inch  in 
the  poleKMres,  70,000  in  the  yoke.  In  the  armature  disks 
the  density  ie  also  70,000  lines  per  square  inch,  inci-eased  to 
136,000  in  the  sore  teeth,  tliis  high  degree  of  eaturation  being 
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preferred  tis  helping  to  prevent  distortion  of  Seld.  The  per^ 
mitted  ampen^  in  the  armatare  conductors  is  only  150O 
amperes  per  square  inch.  Some  much  larger  machines  have 
l>een  constructed  for  direcb^riving,  as,  for  example,  the  six 
1500  kilowatt  machines  in  the  Brooklyn  generating  station. 

ParthalVt  Mvitipolar  Dynamot, — Mr.  H.  F.  Pa'uhall,  who 
advised  the  General  Electric  Co.  in  the  development  of  their 
multipolar  generators,  has  kindly  furnished  the  data  for 
the  design  shown  in  Plates  X.  and  XI.  This  represents  » 
recent  6-pole,  150  kilowatt,  machine  with  cylinder  drutn- 
armature,  giving  300  amperes  at  625  volts  at  200  revolutions 
per  minute.  The  core-disks  are  slotted  with  154  teeth, 
hetween  which  lie  the  conductors  in  two  layers.  To  diminish 
sparking  a  duplex  winding  (p.  272)  is  adopted,  so  that  in 
each  slot  there  are  4  conductors,  and  in  the  commutator  308 
parts.  The  mode  of  construction  of  the  latter,  which  is 
peculiarly  substantial,  is  shown  in  Plate  XI.  It  will  be  noted 
that  the  armature  core-disks,  built  up  of  overlapping  segments, 
have  internal  lugs  by  which  they  are  bolted  together  and 
driven  upon  a  grooved  spider.  There  are  about  10,000 
ampere-turns  of  excitation  upon  each  pole,  of  which  about 
4000  are  provided  by  the  compounding  coils  at  full  load. 
Tlie  shunt  coil  has  to  provide  for  5815  ainpeie-tui'ns  which 
are  required  as  follows : — 4350  to  drive  the  flux  across  the 
gap^pace,  645  for  the  yoke,  450  for  the  pole-coi-e,  300  tor  the 
teeth,  and  TO  for  the  armature  body.  The  flux  through  each 
pole  is  8,700,000  lines. 

Goolden'g  Dynamos. — Excellent  dynamos  have  long  been 
manufactured  by  Goolden  &  Co.  (now  merged  in  the  firm  of 
Easton,  Anderson  and  Goolden),  the  chief  designer  haying 
been  Mr.  Ravenshaw.  In  ttieir  larger  dynamos  bar  armatures 
are  employed,  having  rectangular  conductors  built  up  of 
laminated  or  twisted  copper  strip,  lightly  oiled.  The  smaller 
are  wound  with  round  wire,  silk  covered.  Amongst  their 
features  are  swivel  bearings  and  screw-fed  brushes.  In  Fig. 
2dS  is  illustrated  a  61  kilowatt  Goolden  dynamo  of  the  over- 
type, direct-driven  at  460  revolutions  per  minute  by  a 
Willans  engine,  a  combination  frequent  in  central  lighting 
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stationn  in  England.  The  m^net  limbs  and  pole-pieoes  an 
of  wrougtit  ii-on.  The  pole-faoes  are  bored  elliptically,  so  as 
to  leave  greater  aii^pace  below  armatore  than  above,  and 
ooiintei-Act  ningnetio  pull.    The  conductor  bars  aredriTen  by 


FlO.  398.— OOOLDKH  DTHAMO  ABD  WnjLUtB  BlfQll>& 


80-100  fibre  horns  inserted  in  key-waya  in  the  peripheiy  of 
the  core :  they  are  united  at  ends  by  stamped  evolute  coo- 
nectors.  At  one  end  the  bars  are  made  fast  to  the  segments 
ol  the  commutator ;  at  the  other  they  are  supported  by  an 
inimlated  brass  ring,  which  allows  them  to  expand  longitudi- 
nally when  they  warm  up.  The  commntator  ia  of  hard-drawn 
copper  and  mica,  built  up  on  a  separate  sleeve  keyed  to 
the  shaft.    The  following  tests  were  made  of  one  of  these 
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combined   plante,  running   at  500  revolutions   per  minute, 
showing  the  location  of  the  various  losses  : — 


At  Fan  Load. 

AtHalfLoKL 

Net  output  (vmtts) 

»,«» 

25,000 

LoBi  In  armature  reaistatioe      . . 

1.010 

330 

LoBB  In  magnet  ooilB 

«15 

590 

Loss  by  trictloa.  eddy-ourraDta 
and  bysterasiB 

TotAl  loss  Id  dyoamo 

355 

1.880 

1.880 

355 

1,095 

1,095 

61,880 

.. 
51,880 

5.9ao 

.      136.098 

36.095 
5.930 

Total  indicated  H.P.  In  waus  .. 
Commercial  efflcfency  of  dynamo 

. .     \  57,800 

33.015 

1 

98 '3  percent. 

95-7  percent. 

binatloQ 

86-6        " 

71-8       •■ 

Holmes'  Dynamos. — Messrs.  J.  H.  Holmes  &  Co.,  of  New- 
castle-on-Tyne,  manufacture  the  "  Castle  "  dynamo,  a  compact 
and  well-built  type  of  machine.  The  larger  machines  are  drum- 
wound.  The  armature  core  ismade  up  ofthinplates  of  charcoal 
ii-on.  The  commutator  bare  are  forced  together  by  hydraulic 
pressure  before  being  clamped  up.  Some  elaborate  tests  by 
Professor  Kennedy  on  a  123  kilowatt  machine,  described  in 
Chapter  XXX.,  showed  a  nett  efficiency  of  95-6  per  cent. 
Messrs.  Holmes  have  applied  themselves  very  successfully  to 
the  problem  of  obtaining  a  constant  pressure  from  a  dynamo 
when  driven  at  variable  speeds.'  The  case  in  which  this  arises 
is  in  the  lighting  of  rail  way  trains  by  dynamos  driven  from  the 
axles  of  one  of  the  carriages.  This  they  accomplished  by  a 
special  combination  of  two  dynamos,  together  with  certain 
automatic  switches.     The  larger  dynamo  is  wound  with  two 

'For  Tarioiu  Solutions  of  this  problem  see  following  SpeciScatlous  of 
Patents  :  342  of  1880  (Mordej)  ;  3420  of  1880  (Sayers)  -  and  20,244  of  1880 
nSoImes). 
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circuits  upon  the  field-magnete,  and  its  shnft  is  coupled  to  a 
■mailer  dynamo,  tlie  function  of  which  is  to  send  a  demagtiet- 
iiing  current  around  the  second  circuit  of  the  larger  dynamo. 


FiQ.  294.— Holmes'  Dtnamo. 

So  that  as  the  speed  rises  its  magnetism  falls  nearly  in  propor- 
tion. By  this  means  the  voltage  is  kept  nearly  constant,  though 
the  speed  of  the  train  may  vmy  from  30  to  70  miles  per  hour, 
Parker'*  Dynamos. — Mr.  Parker  of  Wolverhampton  (for- 
merly of  the  Electric  Construction  Corporation)  hasintroduced 
%  useful  detail  Into  tlie  construction  of  the  well-known  bipolar 
type,  in  mnking  the  pole-pieces  jointed,  so  that  the  armature 
Can  he  lifted  straight  off  ita  bearings  instead  of  being  di-awa 
Out  horizontally.  In  Fig.  295  the  construction  witliliingeais 
shown.  For  bipolar  machines  of  the  "under  "  type,  the  lower 
Italves  of  the  polar  masses  are  fixed  in  the  bed-plate,  and  thb 
tnain  body  of  tJie  magnet  \a  lowered  upon  them  after  the 
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armature  is  in  place.    Mr.  Purker  uses  the  Eickemeyer  method 
(see  p.  310)  of  foi-ming  the  coils  both  for  bipolar  and  multipolar 
annatui'e,  and  prefers  this  conati'ucLion  to  the  use  of  the  bars. 
By  using  Eickemeyer  coils  for  lai^eKsurrent  armatures  the 
numbef  of  soldered  joints  is 
diminished,  and  at  the  same 
time    complete    mechanical 
and  electrical  balance  is  aa> 
sured.  Smooth  cores  onlyare 
used.  Mica  insulation  is  used 
between  the  bare  of  the  com- 
mutator, the  end  washers  be- 
ing either  of  micanite  or  of 
red  fibre  covered  with  mica. 
Mavor  and  Coulaon'i  Dy^ 
namoi. — This  firm  constructs 
dynamos  on  Sayers'  patents, 
with  the  compensating  arma^ 
ture   devices    described    on 
p.  395.    Plate  XII.  depicts  a 

„  .    „_  34  kilowatt  bipolar  generator 

—Parker's  Bifoiar  ,    ,  , 

intended  for  power- transmis- 
sion. Its  armature  has  core- 
disks  with  108  teeth,  and  the  main  winding  consists  of  216 
convolutions  or  432  conductoi-s,  4  in  each  slot.  The  com- 
mutator has  54  segments,  and  tliere  are  54  "  commuting 
coils,"  each  of  3  turns  embracing  each  a  span  of  7  teeth. 
The  main  windings  liave  a  sectional  area  of  0-025  sq.  inches, 
and  those  of  the  commuting  coils  0.0072  sq.  inches.  The 
magnet  winding  carries  0-8  ampere  with  25,300  turns,  having 
a  (hot)  resistance  uf  about  560  ohms.  The  armature  core  is 
17j  inches  long  by  9J  inches  in  diameter.  The  magnets  are 
of  mild  cast  steel,  to  carry  a  useful  flux  of  8,000,000  lines. 
The  values  of  B  *re  as  follows: — In  air-gap,  7100;  in  arma- 
ture body,  12,400  ;  in  tlie  teeth,  15,400  ;  in  the  magnet  cores, 
13,600;  and  in  the  limbs,  10,700.  ,The  complete  armature 
vi«eigh8  985  lbs.,  the  magnet  and  bed-plate  complete,  2386  lbs. 
Sayers'  winding  enables  these  machines  to  give  constant 
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pressure  at   all    londs  without   compound  winding    oa   tha 

magnets ;  and  by  careful  disposition  of  the  reversing  poles 

tiie  makers  have  succeeded  in  attaining  the  long-sought  result 

of  fixing  once  for  all  the  position  of  the  brushes.     The  lead 

remains  tixed  and  the  running  sparkless,  even  up  to  an  over- 

ioad  of  75  per  cent  above  the  full  normal  output ;  and  this 

while  using  ordinary  copper  gnuze  brushes,  not  with  carbon 

brushes,  which  cause  more  heating  of  the  commutator.    This 


Fio.  298.— PHtENtt  Dthaxo  {t887  lype). 

*-ticnlar  dynamo  gives  75  amperes  at  450  volts  when 
at  ***»ing  at  800  revolutions  per  minute.  Tlie bearings,  which 
t..^   swivelled  to  render  them  self-centering,  closely  resemble 

'S--  256.  p.  834. 
j.^^^««*ers(OT  and  Cooper's  Dt/tiamo ^~The  "  Phoinix  "  dynamo, 
o£  ^^ti-ucted  by  Messrs.  Paterson  and  Cooper,  frt>m  the  designs 
^p^^*'-  W.  B.  Esson,  has  also  a  modified  cylindrical  ring- 
'i,^****-ture,  built  up  of  a  number  of  very  thin  rings  of  Swedish 
lr>,^     separated  from  one   another   by  i)araffined  paper  and 
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Becured  to  two  spiders  by  three  bolts  passing  through  indenta- 
tioiis  in  the  core-rings,  as  shown  in  Fig.  220,  p.  291. 

The  machines  have  upright  single  hoi*se-shoe  magnets,  in 
some  instances  made  of  a  single  wrought-iron  forging  slotted 
out  to  form  the  two  limbs,  and  bored.  The  shaft  is  supported 
from  two  gun-metal  bridge-pieces.  There  are  generally  no 
teeth  on  the  armature-cores,  which  are  made  of  plain  washers 
to  avoid  cost  of  milling  out  the  teeth.  The  conductors  are 
made  of  stranded  cable. 

Fig.  296  shows  a  design,  in  which  the  field-magnets  are 
cast  in  one  piece.  This  machine  can  be  made  at  lower  cost 
of  equal  power  with  a  lighter  machine  having  wrought-iron 
magnets.  In  both  types  there  is  no  joint  in  the  magnetic 
circuit,  and  the  magnet  coils  are  wound  upon  special  bobbins 
of  sheet-iron  flanged  with  brass,  slipped  on  over  the  cores. 
Fig.  241,  p.  314,  shows  the  construction  of  the  commutator. 

The  constructional  data  of  a  dynamo  giving  90  amperes 
at  106  volts  at  1420  revolutions  per  minute  and  full  calcula- 
tions of  the  windings,  together  with  scale  drawings,  were 
given  in  the  previous  edition  of  this  book. 

The  same  makei's  have  produced  arc-light  dynamos  to 
yield  10  amperes  at  pressures  varying  from  700  to  1500  volts. 
The  following  are  the  data  of  a  seven  kilowatt  arc-lighter,  for 
12  to  15  arc  lamps  : — 


Armature  core,  32-5  cm.  external  diameter,  22-9  cm.  internal; 
axial  length,  15  cm. ;  wound  with  1872  turns  of  wire  12  mm.  in 
diameter,  in  48  sections  of  39  turns  each  in  three  layers.  Armature 
resistance,  3*448  ohms.  Field-magnet  coils,  2,  of  954  turns  each,  in 
series;  their  total  resistance,  4  541  ohms.  The  maximum  induction 
in  armature  is  19,080,  in  field-magnet  10,800 lines  per  sq.  cm.  The 
magnets  are  more  highly  saturated  and  have  a  relatively  greater 
weight  of  copper  upon  them  than  in  constant-potential  mcwhines. 

Shuckerfi  Dynamos, — ^The  armature  of  the  original 
Schuckert  machine  was  a  flat  ring,  the  core  of  which  was 
built  up  of  a  number  of  thin  iron  disks.  The  windings  was 
identical  with  that'  of  a  Gramme  machine,  and  the  field- 
magnets  resembled,  in  general,  those  of  the  typical  Gramme. 


Examples  of  Continuous-Current  Dynamos.    4.di 

The  ring  was  almost  entirely  enclosed  between  wide  pole^ 
pieces,  each  of  which  covered  nearly  half  the  ring.    The  flat 
ring  was  intended  to  give  better  ventilation  and  employ  less 
idle  wire  than  the  cylindrical  pattern  of  ring.    In  recent  years 
Messrs.  Schuckert  and  Co,,  of  Niimberg  (now  known  as  the 
Elektrizitats-Aktiengesellschaft),  have  brought  out    many 
modified  types  of  machines,  having  the  flat  ring  armature, 
the  cores  being  of  iron  tape  insulated  with  paper,  coiled  upon 
a  brass  foundation  ring.     Only  the  small  sizes  are  made  with 
two  poles,  all  above  12  kilowatts  being  multipolar.    As  is  the 
case  with  most  German  dynamos,  the  field-magnets  are  of 
cast  iron,  the  commutator  bars  are  insulated  with  paper,  and 
the  wires  secured  to  them  by  screws.     At  the   Frankfotf 
Exhibition  of  1891  a  large  number  of  these  machines  we4 
£hown,^  the  finest  of  them  being  a  large  direct-driven  multi* 
polar  of  a  certain  capacity  of  230  kilowatts,  giving  1000  am- 
peres at  280  volts,  and  taking  820  H.P,  at  160  revolutions 
I>er  minute.     This  machine  was  depicted  in   the  previous 
edition  of  this  book.     The  diameter  of  the  ring  is  240  cm., 
Wound  with  1120  turns  of  braided  stranded  wire.     The  com- 
mutator is  150  cm.  in  diameter,  with  560  segments,  cross- 
connected,  so  as  to  reduce  the  number  of  brushes.     There  are 
14  poles,  and  the  armature  winding  is  grouped  in  14  rows  of 
80  turns  each,  all  in  parallel.     The  magnet  poles   project 
inwards  from  an  external  cast-iron  case,  divided  horizontally. 
Ihere  are  four  brush-holders,  each  carrying  three  brushes. 
^  still  larger  machine  with  16  poles  is  at  work  in  the  central 
station  at  Diisseldorf. 

Lahmeyer*s  Dynamo%, — Mr.  Lahmeyer,  formerly  with  a 
£rm  in  Aachen,  now  chief  constructor  of  the  Elektrizitafca- 
^ktiengesellschaf t  of  Frankfort,  has  for  some  years  designed 
l>ipolar  and  multipolar  dynamos  '  with  inward-pointing  poles, 
of  the  type  originally  denominated  ironrcUid  by  Rankin 
[Kennedy. 

1  See  article  by  Esson  in  Electrical  Review^  xzlz.  526,  1891. 

2  See  CentraWlattfiir  Elektrotechnik,  ix.  71  and  411,  1887  ;  also  EUktrO" 
^echnUche  ZeUschrift^  Iz.  89,  1888.    For  more  recent  formB  see  Electrical 

MeHeto,  zxiz.  404,  1891. 
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0£  the  earlier  forms  tlie  armature  waa  wound  od  a  plan 
suggested  by  Arnold  of  Riga,  and  independently  suggested 
by  Crompton,  namely,  the  conductors  ai-e  wound  between 
teeth  in  the  periphery  o£  the  core,  after  which  the  whole 
exterior  of  the  armature  is  served  with  a  thiu  layer  of  insu- 
lating material,  and  over  this  a  layer  of  iron  wires  is  wound. 
The  official  report  of  the  Frankfort  Exhibition  of  1891  de- 
scribes a  large  variety  of  excellent  machines  by  this  firm ; 
one  of  its  specialities  being  the  manufacture  of  rotatory 
transformers  for  continuous  and  polyphase  currents. 

Thury't  Dynamoa. — M.  Thury,-  of  the  Compagnie  de 
rindustrie  Electrique,  of  Geneva,  has  long  designed  good 
dynamos.    A  6<pole,  hollow-di-um  dynamo,  having  its  field- 


Pio.  397.— Salevb  Electkio  RAU.WAT  Dykamo  (Thury  ^peV 

magnet  built  up  of  tangential  slabs,  was  illustrated  in  the 
previous  edition  of  this  work.  The  Company  has  lat«ly  con- 
structed several  large  12-pole  vertical-shaft  machines  to  be 
driven  direct  by  turbines  (see  Fig.  ?97).  The  armature, 
whose  diameter  is  2-5  metres,  revolves  at  a  speed  of  45  revs. 
per  minute,  and  yields  275  amperes  at  600  volta. 

Detroziers'  J>ynamo9. — Tiiese  multipolar  dynamos  with 
didc  annatures  are  in  considerable  use  in  lighting-stations  in 
Paris,  in  various  sizes  up  to  870  kilowatts.  They  are  manu- 
factured by  the  well-known  house  of  Breguet.  The  theory 
of  disk-winding  has  been  treated  in  Giapter  XIL,  and  some 
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further  remarks  on  disk-dynamos  will  be  found  on  p.  43, 
Fig  298  gives  a  view  of  one  of  these  dynamos  direct-driven. 
The  armature  is  without  iron,  avoiding  Iiysteresis  losses,  and 
is  constructed  as  described  on  p.  282  in  two  halves,  which  ara 
then  joined  together.  A  150  kilowatt  machine  giving  1000 
amperes  at  150  volts  at  150  revs,  per  minute  had  an  armature 
2-2  metres  iu  diameter,  weighing  with  its  shaft  2*4  tonsn 
iTie  entiW  dynamo  weighed  14-6  tons. 
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CHAPTER    XVIII. 

ABO-LIOHTINa    DYNAMOS. 

In  cases  where  lighting  is  to  be  done  exclusively  by  arc  lamps 
in  great  numbers,  it  is  usual  to  arrange  thel^mpsalltn^meSt 
even  to  as  many  as  100  to  200  lights,  and  to  provide  a 
dynamo-machine  which  will  give  a  constant,  or  nearly 
constant,  current  at  a  8u£Bciently  high  voltage.  The  usual 
current  for  which  arc  lamps  are  designed  is  ten  amperes. 
Some  lamps  are  designed,  however,  for  8  or  6  amperes,  and 
some  for  4  amperes.  These  are  therefore  exceptions.  On 
the  other  hand,  the  arc  lamps  used  for  search-lights  and 
lighthouse  work  are  designed  to  take  larger  currents,  up  to 
200  amperes  or  more.  With  continuouB-cuirents  arcs  cannot 
be  maintained  burning  steadily  unless  they  are  fed  at  a 
pressure  of  about  40  to  45  volts  for  each  lamp.  If  the 
pressure  is  insufficient,  the  arcs  will  be  unstable  and  g^ve  out 
a  hissing  sound.  The  steady  arc  behaves  as  though  it 
exercised  a  counter  electromotive-force  of  about  89  volts. 
When  ai'c  lamps  are  to  be  used  in  parallel  with  one  another, 
the  mains  must  have  a  greater  difference  of  potential  than 
46  volts — 55  or  60  volts  is  preferable — in  order  that  additional 
resistances  may  be  introduced  to  steady  the  current  through 
each  lamp.  Such  additional  resistances  are  not  necessary 
when  a  number  of  arc  lamps  are  used  in  series^  as  they  help  to 
steady  one  another.  The  great  advantage  in  the  series  arrange- 
ment is  the  saving  in  copper  thereby  effected.  Alternate- 
current  arcs  only  need  a  pressure  of  30  to  83  virtual  volts. 

In  arc-lighting  in  series,  the  function  of  the  dynamo  is  to 
keep  the  amperes  constant,  no  matter  how  many  or  few  lamps 
are  in  circuit ;  whilst  each  lamp  is  provided  with  a  shunt 
device  which  governs  the  movement  of  the  cai'bons,  so  that 
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the  feeding  of  them  sliall  keep  the  length  of  the  arc,  and  tlie 
Tolt3  tX  the  terminals  of  the  lamp,  approximately  constant. 

We  may  take  it,  therefore,  that  a  system  of  20  ai-cs  in 
■eiies  will  require  a  dynamo  giving  a  current  of,  say,  10 
•mperes,  and  a  pressure,  when  all  the  lamps  are  in  use,  of 
nearly  1000  volts.  This  allows  45  volts  per  lamp,  and  5  volta 
more  for  driving  the  current  through  the  resistance  of  the 
wires  between  each  lamp  and  the  next. 

Constantrcurrent  dynamos  are  also  needed  for  the 
purposes  of  municipal  lighting  by  means  of  special  glow- 
lamps  (with  thick  ciirbon  wires  instead  of  thin  filaments), 
connected  in  series,  so  that  the  same  unvarying  current  flows 
successively  through  a  large  number  of  them. 

It  was  suggested  by  Deprez  in  1881,  that  by  a  species  of 
compound  winding,  consisting  of  an  initial  oxcitatioa  and  a 
shunt  excitation  combined,  a  dynamo  might  be  constructed 
to  give  a  constant  current  at  constant  speed.  The  assump- 
tion which  underlay  his  reasoning,  that  the  magnetism  is 
pittporttonal  to  the  exciting  power,  is,  we  know,  not  justified 
except  for  the  early  and  unstable  stage  of  magnetization ; 
all  attempts  to  produce  a  practical  compound  winding  for 
this  purpose  have  therefore  failed. 

For  the  protluctinn  of  constant  ourrenta  at  such  high 
voltages  as  2000  to  3000  volts  the  ordinary  ring  and  drum 
armatures,  wound  In  a  closed  coil,  in  numerous  sections,  and 
provided  with  a  commutator  consisting  of  numerous  closely- 
packed  parallel  bars,  have  not  been  found  entirely  satisfactory, 
for  the  commutator  of  this  type  is  liable  to  give  way  under 
the  high  pressure,  and  to  deteriorate  under  the  action  of  long 
sparks  flashing  over  its  surface  from  brush  to  brush  under  the 
wide  alterations  of  lead  that  are  inseparable  with  this  mode 
of  working.  Nevertheless,  good  results  have  been  obtained 
by  several  firms  (see  p.  465)  in  the  use  of  high  voltages  in 
machines  having  ordinary  commutatora  with  many  segments. 

Experience,  however,  is  in  the  main  against  the  use  of  arma- 
tures of  this  type.  More  simple  forms  are  needed  that  will 
not  break  down  under  the  conditions  of  work.  These  forms 
are  usually  associated  with  other  modes  of  construction  in 
which  the  armature  winding  does  not  constitute  a  closed  coil. 
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Open-coil  Dynamos, 
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As  expjtined  on  p.  40,  it  is  possible  to  construct  armatures 

in  which  tlio  separate  coils  or  sections  of  tlie  windings  are 

not  united  together  in  one  closed  circuit.    An  example  is 

given  in  Fig.  399.     This  diagram  (which  should  be  compared 

with  Fig.  88,  p«  S9)  shows  an  armature  consisting  of  two 

separate  loops,  sot  In  planes  at  right  angles  to  one  another^ 

so  that  when  one  is  passing  through  the  inactive  region  the 

other  is  in  the  position  of  maximum  action.    There  is  no 

reason  why  these  two  loops  Ahculd  not  have  each  a  separate 

2-part  commutator  like  that  of  Fig.  24;  and  one  pair  of 

l>rushes  might  pi-ess  on  both  commutators.     It  is,  however, 


Fia.  299. 
Simple  Open-goiLi  Abhatube. 


Fro.  SCO.— Foun-PART  Open-cx)il 
Kino  Armature. 


obviously  more  convenient  to  unite  these  two  commutators 
into  a  single  one  of  four  parts,  as  in  Fig.  299 ;  and  then  it 
will  at  once  be  seen  that  as  this  rotates  between  its  pair 
of  brushes  one  loop  only  will  be  in  action  at  once,  the  other 
loop  being  cut  out  of  circuit  for  the  time  being.  It  would 
clearly  be  possible  to  arrange  any  number  of  loops  or  coils 
in  this  way  so  that  only  that  loop  or  coil  which  was  passing 
through  the  position  of  maximum  action  should  be  feeding 
the  brushes,  all  the  rest  being  meantime  open -circuited.  A 
ring  armature  wound  in  sections  might  of  course  be  similarly 
arranged,  so  that  the  pairs  of  sections  have  each  a  separate 
commutator ;  and  Fig.  300  (which  should  be  compared  with 
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Fig.  31,  p.  38)  shows  sucli  a  ring,  but  witli  tlie  two  commu- 
tators cut  down  and  formed  into  a  4-part  collector. 

It  will  l>e  noticed  that  each  coil  is  joined  at  the  back  to 
the  one  diametrically  opposite  to  it,  and  that  the  front  ends 
of  the  coils  pass  to  the  commutator.  As  a  matter  of  fact,  it 
would  make  no  differance  in  either  of  these  armatures  were 
the  wires  which  cross  st  the  back  all  united  where  they  meet. 

It  will  be  seen  that  the  position  of  the  bmshes  with  respect 
to  the  position  of  maximum  action  will  not  be  the  same  as  in 
the  case  of  a  closed-coil  winding.  In  a  closed-coil  winding  the 
diameter  of  commutation  is  near  the  coils  of  minimum  action. 
With  open-coil  armatures  the  current  is  led  directly  fromtho 
OchIs  of  maximum  activity. 


Fio.  801.— Dlaoram  of  Open-coil  Arhaturb. 

The  current  might  be  simultaneously  collected  from  more 
than  one  coil  at  once,  eitlier  (1)  by  making  the  pieces  of  the 
commutators  overlap,  or  (2)  by  connecting  to  thebioishes  that 
touch  on  the  line  of  maximum  activity,  another  pair  having 
either  a  forward  or  a  backward  lead.  If  we  now  consider 
Fig.  301  we  shall  see  this  a  little  more  clearly.  This  figure 
is  a  diagram  of  sucli  an  armature,  the  coils  or  loops  being 
here  represented  merely  by  wavy  lines. 

The  wavy  line  A  C  may  represent  either  a  pair  of  coil» 
such  as  there  are  in  Fig.  300  on  the  ring,  or  may  represent 
a  single  loop  or  group  of  windings  round  a  drum.  There 
is  a  pair  of  commutator-plates  for  A  C,  and  another  at  right 
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angles  for  B  D,    Coils  A  and  C  are  just  coining  into  the 
position  of  best  action  shown  by  the  line  m  r^' ;  they  are 
delivering  a  current  to  the  brushes  P  P,  and  this  cuiTent 
will  accordingly  increase  a  little,  and  then  decrease  again. 
Meantime  coils  B  and  D  are  idle.    If  the  four  parts  of  tlie 
compound  commutator  each  occupy  just  a  quarter  of  the 
circumference,  it  is  clear  that  when  A  comes  into  action  its 
plane  makes  an  angle  of  45^  with  m  m\  and  ^at  just  as 
it  leaves  contact  with  the  brush  it  makes  again  an  angle  of 
45^  on  the  other  side,  being  in  contact  with  all  intermediate 
positions;  and  so  with  each  coil  as  it  passes  the  brushes* 
There  will  be  a  momentary  break  of  current  and  a  spark 
as  the  two  successive  segments  pass  under  the  brush,  unless 
the  brush  touches  both  at  once.     Remembering  that  Fig.  29, 
p.  38,  represents  the  alternating  electromotive-force  from 
a  single  loop  or  pair  of  coils,  and  that  Fig.  30,  p,  38,  repre- 
sents the  same  electromotive-force  rectified  by  the  use  of  a 
simple  2-part  commutator,  we   shall  be   able  to  represent 
the  effect  of  our  new  arrangement  by  some  such  diagram 
as  Fig.  302.     The  angles  marked  below  are  reckoned  from 
the  neutral  line  n  n'.     When  coil  A  has  gone  round  90®  from 
this  position,  it  is  in  the  position  of  maximum  induction : 
but  because  segment  A  of  the  commutator  is  itself  90®  in 
breadth,  the  current  will  be   collected   from  45®  to  135®. 
The  shaded  portions  of  the  curve  show  the  discontinuous 
effect  due  to  tl^e  coils  A  and  C  coming  into  circuit  during 
two  quarters  of  the  rotation.     The  coils  B  and  D  come  in 
(n    the   intervals   as   indicated   by  the   dotted   lines.     The 
induced  currents  will  therefore  present  an  approximate  con- 
tinuity depending  on  the  arrangements  of  the  commutator 
^nd  the  brushes.     Fig.  303  represents  the  effect  if  there  were 
^^ps  between  the  segments  and  the  commutator ;  and  it  will 
\ie  noticed  that  the  electromotive-forces,  though  all  of  the 
^ame  sign,  are  discontinuous.   If  the  brushes  thus  left  contact 
^Vvith  one  segment  of  the  commutator  before  the  next  come  into 
^iontact  there  would  inevitably  be  a  considerable  amount  of 
Sparking.     Fig.  804  shows  the  result  of  making  contact  with 
set  before  the  other  set  is  cut  out ;  the  induced  electro- 
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motiTe-forfie  being  now  continuoos,  but  with  undulating 
fluctuations  of  strength.  During  the  time  when  both  sets  of 
ooils  are  in  contact  with  the  brushes,  they  are,  of  course,  in 
parallel  with  one  another.  During  this  sti^  of  the  action 
tile  resistance  of  the  armature  is  half  as  great  as  when  one  of 
the  coils  is  cut  out;  but  it  is  necessary  to  cut  out  the  idle 
coil,  otherwise  some  of  the  current  from  the  active  coil  would 
flow  back  uselessly  through  t}ie  idle  coil  that  was  in  paiallel 
with  it.  During  the  time  when  the  two  sets  of  coils  are  in 
parallel  they  are  not  equally  active.  The  induced  electro- 
motive force  is  increasing  in  one  and  diminishing  in  the 
other;  there  is  but  a  moment  when  they  are  equally  acUve 
— ^when  they  make  equal  angles  with  m  m'.    At  all  other 


moments  the  higher  electromotive-force  of  tlie  more  active 
coil  tends  to  send  a  back-current  thiough  the  less  active  coiL 
This  is  to  a  certain  ext«nt  opposed  to  the  self-induction  ol 
the  less  active  coil,  and  if  contact  is  broken  just  at  the  moment 
when  the  higlier  electromotive-force  has  reduced  the  current  in 
the  less  active  coil  to  zero,  the  commutation  will  be  sparkless. 
From  what  has  now  been  said,  it  will  be  clear  that  open- 
ooil  armatures  may  be  constructed  either  as  rings,  drums,  or 
disks.  They  may  be  arranged  to  run  either  in  h  simple  or 
in  a  multiple  magnetic  field.  The  principal  dynamos  con- 
structed upon  this  plan  are  the  Brush  machine  and  the 
Thomson-Houston  machine ;  but  there  are  a  few  others  whiob 
also  come  within  the  category  of  open<coil  dynamos. 
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BnuKs  Dynamo. — One  of  the  best  known  of  tliese 
machines  is  the  Brush  dynamo  (Fig.  S06).  The  magnet  henda 
are  insulated  with  sheets  of  the  so-called  vulcanized  fibre. 
tJioroughly  varnished.  The  cores  are,  however,  firet  sur 
rounded  witli  a  t]iin  sheet  of  copper,  soldered  together  At  the 
edges  no  as  to  form  a  contiguous  tube  or  envelope.  The 
object  of  tliia  coppei  oOMiflg  ia  to  deaden  sudden  vibrations  of 
magnetism  of  the  iron  cores.  Over  the  copper  envelope  ai-e 
wound  four  or  five  thicknesses  of  very  heavy  paper  saturated 
'with  shellac  varnish  to  insulate  the  wire  from  the  iron.  In 
some  of  the  Brush  dynamos  there  is  a  double  winding,  a  shunt 
or  *'  teazer  "  circuit  being  added  to  maintain  the  magnetism 


FiQ.  !t05.— Cork  of  Brush  'Bihq. 

^al  the  field-magnets  when  the  main  current  is  opened.  An 
automatic  regulator,  consisting  of  a  carbon  rheostat  connected 
as  a  shunt  to  the  magnet  winding  and  operated  by  a  solenoid 
in  the  main  circuit,  is  applied  to  keeping  the  current  constant 
(see  p.  224,  and  Chapter  XXIX.). 

The  armature  has,  like  the  Pacinotti  ring,  projecting  teeth 
between  the  coils,  but,  unlike  that  early  form  of  armature,  the 
successive  sections  are  not  connected  in  a  closed  circuit. 

The  ring  is  built  up  of  a  thin  iron  ribbon  1-5  millimetres 
thick.  Fig,  305  shows  ita  construction,  though  in  reality 
a  larger  number  of  pieces  of  thinner  iron  than  is  shown  are 
Used.     The  ribbon  is  wound  upon  a  circular  foundation  ring 
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A',  projecting  cross-pieces  of  the  same  thickness  (marked  H) 
being  inserted  at  intervals  to  separate  the  convolutions, 
admit  of  ventilation,  and  form  suitable  projections  between 
which  to  wind  the  coils.  It  ia  secured  by  well-insulated 
radial  bolts.  All  iron  parts  which  are  to  adjoin  tbe  wire  of 
the  "  bobbins  *'  are  covered  first  with  a  layer  of  strong  heavy 
canvas  saturated  with  shellac  varnish,  and  in  the  case  of 
the  armature  of  the  lat^r  machines  there  are  additional 
layers  of  tough  paper  saturated  with  shellac  varnish.  A  sheet 
of  strong  cotton  cloth  inserted  occasionally  separates  con- 
tiguous layers  of  wire  from  each  other  both  in  the  armature 
bobbins  and  in  the  coils  of  the  field-magnets.  All  the  bobbins 
are  wound  by  hand,  in  the  same  direction,  and  the  inner  ends 
of  diametrically  opposite  bobbins  are  soldered  together,  and 
carefully  insulated  from  all  other  wires  and  adjacent  metaL 
The  free  outer  ends  of  each  pair  of  bobbins  are  separately 
carried  through  a  boring  in  the  shaft,  and  connected  to  dia- 
metrically opposite  segments  of  the  commutator. 

For  each  pair  of  coils  there  is  a  separate  commutator. 
In  the  No.  8  L  size  of  machine,  which  is  depicted  in  Fig.  306 
there  are  12  coils  on  the  armature,  six  commutators  grouped 
in  three  pairs,  and  three  sete  of  brushes.  This  size  is  com- 
monly known  aa  a  "  60-ligbt "  machine.  Its  electromotive- 
force  at  a  speed  of  800  revolutions  per  minute  ia  8000  volts. 

In  considering  the  method  in  which  the  coils  are  joined  up 
to  the  commutator,  we  will  take  the  case  of  an  8-coil 
armature  v/ith  the  commutators  grouped  in  two  pairs  ;  it  will 
then  be  easy  to  extend  the  method  to  the  case  of  a  twelve- 
coil  machine. 

Continuity  is  obtained  in  the  currents  by  making  the  two 
parts  of  the  commutator  of  each  pair  of  coila  overlap  those  of 
the  commutator  belonging  to  the  pair  of  coils  that  is  at  right 
angles,  one  pair  of  brushes  resting  on  both  comrautatom. 
Fig.  307  is  a  diagram  illustrating  this  device.  Each  pair  of 
segments  overlap  the  other  to  the  extent  of  46°.  Each  of  the 
two  pairs  of  coils  is  thus  cut  out  twice  during  a  revolution  ; 
it  is  twice  in  circuit  alone,  as  when  the  brushes  are  at  A  A', 
and  four  times  in  circuit  along  with  the   pair  that  are  at 
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right  angles,  when  the  brushes  are  iit  B  B'.    Fig.  808  shows  ia 
perspective  the  commutator  of  an  8-coil  Brush  armature:. 
There  are  really  four  commw- 
tators  here,  coiTcaponding  to  the 
four  pairs  of  coils,  grouped  in 
pairs  ;  one  pair  of  commutators 
being  set  one-eighth  of  a  lotatioQ 
1  (45")  in  advance  of  the  other. 
I  It  will  be  seen  from  this  figure 
I  that  while   the  brushes   A  A' 
(shown  in  dotted  lines)  are  re- 
ceiving current  from  one  pair  of 
coils  only,  the  brushes  B  B'  are 
at   the  same   instant   receiving 
the   current  from  two  pain  of 
PiQ.  807.— PairofOvkrlafpino  coiltt  which  are  joined  in  parallel 
Commutators.  with  one  another  in  consequence 

of  both  of  their  commutators 
touching  the  same  pair  of  brushes.  The  arrangement  may 
be  still  further  studied  by  the  aid  of  Fig.  809,  which  also 

/.         / 

■     ^     /  / 


Pio.  808.— Brush  Commutator  for  Arhatdre  wodnd  wrrn 
Four  Pairs  of  Coils, 

illustrates  the  way  of  connecting  the  brushes  with  the  circuit. 
In  this  figure  the  eight  coils  are  numbered  as  four  paira,  and 
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each  pair  has  its  own  commutator,  to  which  pass  the  out«r 
ends  of  the  wire  of  each  coil,  the  inner  ends  of  the.  two  coils 
being  united  aci-oss  to  each  other  (notshown  in  the  diagiam). 
Xn  the  actual  machine,  each  pair  of  coils,  as  it  passes  through 
t^he  position  of  least  action  (i.  e.  a  position  somewhat  past 
t^lie  vei'tical  dotted  line  midway  between  the  poles  (Kig.  309), 
*^iid  when  the  number  of  m^^etic  lines  passing  through  it  is 
*^  maximum,  and  the  rate  of  change  of  these  magnetic  lines 
^  minimum')  is  cut  out  of  connection.  This  is  accomplished 
\)y  causing  the  two  halves  of  the  commutator  to  be  separated 
from  one  another  by  about  one-eighth  of  the  circumference  at 


Flo.  309.— CoNNKCnONB  OF  BRUSH  DYNAHO, 

each  side.  In  the  figure  it  will  be  seen  that  the  coils  marked 
1,  1,  are  "  cut  out,"  Neither  of  the  two  halves  of  the  com- 
mutator touches  the  brushes.  In  this  position,  howevei'.  the 
coils  3,  8,  at  right  angles  to  1,  1,  are  in  the  position  of  best 
action,  and  the  current  poweifully  induced  in  them  flows  out 
of  the  brush  marked  A  (which  is,  therefoi-e,  the  nejrative 
brush)  into  that  marked  A'.  This  brush  is  connected  across  to 
the  brush  marked  B,  wliere  the  currentre-enters  the  armature. 
Now,  the  coils  2,  2  have  just  left  the  i>nsition  of  best  action, 
and  the  coils  4,  4  are  beginning  to  approach  (hat  position. 
In  both  these  paira  of  coils,  therefore,  there  will  be  a  iiither 
K— Vol.  4 
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weaker  electromotive-force.  The  current  on  passing  into  B 
splits,  part  going  thiTiugh  coils  2, 2,  and  part  through  4, 4,  and 
reuniting  at  the  bi^ish  B',  whence  the  curi-ent  flows  round  the 
coils  of  the  field-magnets  to  excite  theia,  and  then  round 
the  external  circuit,  and  back  to  the  brush  A. 

Thus  the  coils  in  which  there  iti  a  maximum  electro- 
motive-force are  joined  in  series  with  coils  in  which  the 
electromotive-force  is  weaker,  though  by  a  method  different 
from  that  employed  in  a  closed  winding  armature.  As  the 
armature  rotates,  coils  4, 4  come  to  the  position  of  masimuoi 
electromotive-force,  and  they  are  then  in  series  with  coils  1, 1 
and  3,  3,  bo  that  the  electromotive-force  of  the  machine  varies 
very  little  with  the  change  of  the  position  of  the  coils.  In 
some  machines  it  is  arranged  that  the  current  shall  go  round 
the  field-raagnets,  after  leaving  brush  A',  and  before  entering 
brush  B. 

The  following  table  summarizes  the  successive  order  of 
connections  during  a  half-revolution : — 

FiritpoHHoH.     (CoiU  ),  I  cut  out.) 

A  -  3  -  A' :  Sv        yB'';  Field  magnets  -  Exienul  circuit  -  A> 
iSetond petition.    (Coils  ;,  2  cut  out.) 

aC       /A';  B  — 4-B';  Field  tnagnets-Externat  circuit-A. 
Third  position.    (Coils  3,  3  cut  out), 

A-I-A'j  B'y     /B'i  Field  magnets-External  circuit-A, 
Fourth  position.  -  (Coils  4,  4  cut  out.) 

A<^^\a';  B-3-B'; 


;  Field  magnets  —  External  circuit  -  A. 


By  rocking  the  brushes  by  means  of  the  appliance  pro- 
vided for  that  purpose  (see  Fig.  306),  a  point  can  be  found  at 
which  the  spurking  is  reduced  to  a  minimum  (see  p.  450), 

From  the  foregoing  considerations,  it  will  be  clear  that  the 
four  pairs  of  coils  in  the  Brush  machine  really  constitute  four 
separate  machines,  each  delivering  alternate  currents  to  a 
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commutator,  which  commutes  them  to  intermittent  unidireo^ 
tional  currents  in  the  brushes ;  and  that  these  independent 
machines  are  ingeniously  united  in  pairs  by  the  device  of 
letting  one  pair  of  brushes  press  against  the  commutators  of 
two  pairs  of  coils.  Further,  that  these  paired  machines  are 
then  connected  in  series,  by  bringing  a  connection  round  from 
brush  X'  to  brush  B. 

In  the  12-coil  machine  (Fig*  306)  there  are  three  pairs  of 
commutators,  the  segments  of  each  pair  are  joined  to  four 
coils  at  right  angles  to  each  other,  and  the  pairs  are  mounted 
on  the  shaft  so  that  the  first  pair  joined  to  coils  1, 4,  7  and  10 
haying  a  lead  of  80^  in  advance  of  the  second  pair  jointed  to 
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coils  2,  5,  8  and  11,  and  the  third  pair  joined  to  coils  8,  6, 

9  and  12  have  a  lag  of  80**  behind  the  second  pair.     The  way 

the  brushes  are  connected  up  in  series  is  shown  in  Fig.  810. 

Multipolar  Brush  machines  are  now  made  to  be  driven 

direct  from  the  engine  shaft.     At  the  station  of  the  Mutual 

Electric   Light  and  Power  Co.,  Chicago,    there   are   three 

machines  driven  direct  by  Willans  engines  at  500  revolutions 

per  minute.     Each  machine*  is  capable  of  lighting  125  arc 

lamps  in  series.     The  automatic  regulator  regulates  so  closely 

that  any  number  of  these  lamps  may  be  thrown  off  and  on 

with  impunity.     The  armature  of  these  machines  is  89  inches 

in  diameter  and  has  24  coils,  that  is  six  sets  of  four  coils  each. 

All  the  coils  in  any  one  set  are  in  the  same  position  relatively 

to  the  four  poles,  and  are  joined  in  series  just  as  two  coils  are 
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joined  in  series  in  a  2-pole  macliine.  The  connections  to 
the  commutators  nre  on  exuctly  the  same  principle  as  in  the 
case  of  the  12-coil  armature  considered  above,  with  this  modi- 
fication, that  a  difference  of  poiiition  of  45°  on  tlie  aimatui-e 
corresponds  to  a  diffei-ence  of  90"  in  the  2-pole  machine. 
Each  of  the  three  portions  of  tlie  commutator,  therefore, 
consists  of  eight  sectiont),  instead  of  four  sections;  tlie  sections 
tliat  are  diametrically  opposite  being  interconnected. 

Some  elaborate  testa  on  Brush  dynamos,  with  two  different 
patterns  of  armature,  were  made '  in  1889  by  Mr.  Murray  of 
Melbourne.  These  showed  commercial  efficiencies  of  about 
69'8  per  cent,  in  machines  with  core-plates  0-05  inches  thick 
and  of  about  78  per  cent,  in  those  with  core^plates  0*022  inch 
thick.  The  value  of  B  attained  were  about  4800  in  lield- 
m^net  coras  and  27,000  in  the  armature  cores.  The  fluctua- 
tions of  tlie  current  were  about  1'5  jjer  cent. 

For  further  teste  see  Thurston  in  Joamal  of  Franklin  Institute, 
Sept.  1886.  Consult  also  a  small  volume,  "  Electrical  Engineers' 
and  Students'  Chart  and  Handbook  of  the  Brush  Arc  Light 
System,"  by  H.  C.  Reagan,  jun.  (New  Tork,  1895). 

TkomtonrSouston  Dynamo. — This  machine,  which  is 
equally  remarkable,  was  designed  hy  Professor  Elihu 
Thomson  of  Lynn  and  Edwin  J.  Houston  of  Philadelphia. 
It  is  unique  in  having  a  spherical  armature  with  a  3-pai-t 
commutator  revolving  between  the  cup-shaped  poles  of  an 
introverted  field-magnet.  As  will  be  seen  from  Fig.  311,  the 
field-mt^net  core  consists  of  two  flanged  iron  tubes  furnished 
at  their  inner  ends  with  hollow  cups  cast  in  one  with  the 
tubes,  and  accui-ately  turned  to  receive  the  armature.  Upon 
the  tubes  are  wound  the  coils  C  C,  and  aftenvards  the  two 
parts  are  united  by  means  of  a  number  of  wrought-iron  bars  h  6, 
which  constitute  the  yoke  of  the  magnet  and  at  the  same 
time  protect  the  coils.  The  magnets  are  carried  on  a  frame- 
work, which  also  supports  the  bearings  for  the  armature  shaft 
X.  The  original  form  of  the  armature,  shown  in  Fig.  Sll,liad 
a  very  remarkable  winding.     There  were  hut  three  coils.  The 

'/Burnal  Inst.  EleetrkaJ  Etigiiaers,  iviL  710,  Nov.  1889. 
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inner  ends  of  these  were  united  together  and  not  connected  ta 
«n^  other  conductor.     The  three  wires  were  then  wound  over 


FlO,  811,— TaOMSOM-HOUSTOH  Akc-lioht  mmAUOi 
^n  iron  shell  in  thiee  eeta  of  windings  making  120°  with  one 
^jiother,  and  arranged  to  be  at  equal  average  distances  from 
tihe  core,  while  their  overlapping  made  the  external  form 


/ 


Fio,  813.— RniQ  Abhatuke  ot  Tbonbon-Houbton  Dyhaho. 
nearly  Bpherical.     The  new  ring  armature.  Fig.  812,  has  a 
groups  of  coils  arranged  in  three  pairs.     The  three  pairs  a 
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themselves  connected  star-wise,  having  a  common  junction 
for  three  of  their  ends,  the  three  other  ends  of  the  wires  being 
brought  down  througl)  the  hollow  shaft,  and  joined  to  the  three 
segments  of  the  commutator.  The  coils  are  replaceable  singly. 
When  this  armature  is  rotated  within  the  cavity  between 
the  cup-shaped  poles  alternate  currents  are  generated  in  each 
coil  in  turn,  and  it  now  remains  to  consider  how  these  alternate 
inductions  are  rectified  and  combined  by  the  commutator. 
In  the  diagrams  which  follow,  the  rotation  is  represented  as 
left-handed,  as  viewed  from  the  commutator-end  of  the  shaft, 
as  it  is  in  practice.  Fig.  318  represents  the  arrangement  in 
diagram.    The  three  coiLs  represented  diagrammatic^Uy  by 


Fig.  818.— Oommutator  and  Cmcurr  op  Thomson-Houston  Dynamo. 

the  three  lines  ABC,  are  united  at  their  inner  extremities, 
each  outer  end  being  led  to  one  segment  of  a  3-part  com- 
mutator. There  are  two  positive  brushes  P  and  F,  and  two 
negative  brushes  P'  and  F'.  The  current  delivered  to  P  and 
F  first  flows  round  one  of  the  field-magnets,  thence  goes  td 
the  outer  circuit  of  lamps,  returning  through  the  other  field- 
magnet  to  P'  and  F'.  The  reader  should  compare  this  diagram 
with  Fig.  309,  and  note  that  in  that  figure  the  neutral  line 
divides  the  armature  obliquely  into  two  halves,  the  induced 
currents  flowing  outwardly  from  centre  to  commutator  in  all 
coils  that  are  rising  through  the  right-hand  half  of  this  obliquely 
divided  circle ;  and  inwardly  from  commutator  to  centre  in  all 
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coils  descending  through  the  left-hand  half  of  the  rotation. 
Accordingly,  in  Fig.  318,  in  which  tlie  neutral  line  is  at  right 
angles  to  mm\  there  will  be  an  outward  current  in  A  and 
an  inwai*d  one  in  C ;  B  being  for  the  moment  cut  out  of 
circuit  as  it  passes  through  the  neutral  position.     Continuity 
is  obtained  by  the  device  mentioned  on  p.  448,  of  having  the 
second  pair  of  brashes  F  F'  following  the  pair  P  P',     In  this 
position  of  the  armature  A  and  C  make  about  equal  angles 
with  the  line  of  maximum  action  m  m\  hence  the  two  electro- 
motive forces  iu  these  coils  are  for  the  moment  about  equal, 
l)ut  that  in  A  is  increasing,  that  in  C  decreasing.     As  these 
coils  are  now  in  series,  their  separate  electromotive-forces  are 
of  course  added  together.     A  moment  later  A  will  be  in  the 
jposition  of  maximum  induction ;  C  will  be  rapidly  approach* 
ing  the  neutral  position  and  B  will  again  begin  to  have 
«lectromotive-force  induced  in  it.     B  and  C  will  for  the 
Xdoment  be  in  parallel  with  one  another  and  in  series  with  A. 
Then  C  comes  to  the  neutral  position  and  is  cut  out  of  cir- 
cuit, while  A  and  B  are  in  series,  and  so  forth. 

If  the  width  of  the  gaps  between  the  segments  of  the 
^K>mmutator  be  equal  to  the  width  between  the  adjacent 
brushes,  each  coil  will  be  out  of  circuit  whenever  it  is  more 
than  60^  from  the  position  of  maximum  action,  and  the  time 
during  which  any  two  coils  are 
in  parallel  will  be  practically  nil. 
But  if  the  brushes  F  F'  follow 
at  a  considerable  angle — about 
60**  in  practice  —  behind  the 
brushes  P  P',  there  will  be  con- 
siderable duration  of  the  stage 
during  which  two  coils  are  in 
pamllel. 

The  regulation   of  this   ma- 
chine  to   maintain   a  constant 
currentis  accomplished  by  an  au- 
tomatic shifting  of  the  brushes. 
The  actual  method  now  used  is  termed  "  backward "  regu- 
lation.    The  pair  of  "  following "  brushes  F  F'   is   shifted 


Fig.  814.— Commutatino 
Positions. 
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backwards  to  ff  ae  ahown  in  Fig.  314,  whilst  at  the  same 
time  the  leading  brushes  P  P'  are  shifted  forward  through  an 
angle  one-third  as  great  towai'ds  fp'.  If,  as  stated  above,  the 
brushes  are  60°  apart  under  normal  conditions,  there  will  be 
exactly  120°  on  either  aide  between  the  positive  brushes  P  F 
and  the  negativebrushesP'F';  and  as  120°  is  the  exact  length 
of  each  segment  of  the  commutator,  no  coil  will  be  cut  out, 
and  [>amllelism  will  subsist  between  two  coils  thi-ough  angles 
of  60° :  that  is  to  say,  there  will  always  be  two  of  the  three 
coils  in  parallel  with  one  anothei'  and  in  aeries  with  the  third 
coil.     The  six  stages  of  change  will  be  : — 

/r  -  B\     /p\ 

Ftom  external  circuit <    _  /^X,     / to  «xttrhal. circuit, 

-<^C:b-  ™  ^ 

•■  '  ••  -<:::><=o- ^  - 

/''■\./<;-f\ 

From  cxteriul  circuil /^^     /^\   / »  eitern.l  cireuii, 

••  "  — <:><:6— 

Now  suppose  the  current  to  become  too  strong  owing  to 
reduction  of  number  of  lamps  in  circuit,  the  "following" 
brushes  are  made  to  recede.  This  wiUshorten  the  time  during 
which  any  single  coil  in  passing  through  the  maximum  position 
is  throwing  it«  whole  electromotive-force  into  the  circuit,  and 
will  hasten  the  moment  when  it  is  put  in  parallel  with  a 
comparatively  idle  coil.  During  such  movements  of  regula- 
tion the  whole  machine  is  momentarily  short-circuited  six 
times  during  each  revolution  byF  receding  so  far  towards 
P',  and  F*  receding  so  far  towards  P,  as  that  both  touch  the 
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same  segment  of  the  commutator  at  one  instant.  The  action 
is  assisted  by  the  slight  advance  of  P  and  P^  but  the  main 
object  of  this  advance  is  to  lessen  the  sparking.  If  the  cur- 
i-ent  is  too  weak,  then  the  pairs  of  brushes  must  be  made  to 
close  up,  thereby  reducing  tlie  time  during  which  the  most 
active  coils  ai*e  in  parallel  with  those  that  ai^  less  active. 

Regulating  Oear. — ^This  motion  of  advance  and  retreat  is  aocomplished 
by  the  simple  link-gear  not  shown  in  any  of  the  figures.  The  automatic 
movement  is  imparted  hy  the  regpilating  electromagnet  R  (fig.  815), 
whose  pole,  of  paraboloidal  form,  attracts  its  armature  according  to  the 
current  flowing  round  it,  and  raises  the  arm  A.    The  cirouits  which 


Fto.  815.— Cntcurrs  of  Thomson-Houston  Sybtbil 


operate  this  mechanism  are  also  shown.  Normally  the  electromagnet 
R  is  short-circuited  through  a  hye-pass  circuit,  and  only  acts  when  this 
circuit  is  opened.  At  some  convenient  point  of  the  main  circuit  two 
solenoids  are  introduced,  their  cores  heing  supported  hy  a  spring ;  and 
the  yoke  of  the  cores  operates  the  contact  lever  S.  If  the  current  be- 
comes too  strong  this  contact  is  opened,  and  the  regulating  magnet  R 
raises  the  arm  A.  During  running  the  lever  S  is  continually  vibrating 
up  and  down,  and  so  altering  the  brushes  to  the  requirements  of  the 
circuit.  A  carbon  shunt  of  high  resistance  r  Is  added  to  minimize  the 
destructive  spark  at  S.  It  might  be  expected  that  with  only  three  parts 
to  the  commutator,  the  sparks  occurring  as  the  segments  pass  imder  the 
bnishee  would  speedily  destroy  the  surface.  This  difficulty  has  been  met 
by  Prof.  Thomson  in  the  boldest  manner.  By  means  of  a  small  me- 
chanical blower,  fixed  upon  the  shaft  behind  the  commutator,  intermit- 
tent blasts  of  air  are  blown  exactly  at  the  right  moment  so  as  virtually  to 
blow  out  the  spark.  The  three  segments  of  the  commutator  are  separated 
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b;  gaps  ;  Mid  in  front  of  each  of  the  leading  bniBhes  tfaera  projects  a 
iioE£lewfaichdischarge8ablast,alt«nuitel7,  three  tiroeemeach  revolution. 

Advantoffet  of  OpetircoU  DjfnamoB. — The  two  great  typical 
open  coil  dynamos — those  of  Brush  aiidof  Thomson-Houston 
— appeal-  to  have  certain  qualities  which  render  them  specially 
applicable  as  constantrcurrent  dynamos  for  seiies  arc-lighting. 
A  consideiable  proportion  of  all  the  arc-lights  in  the  world 
are  run  hy  one  or  other  of  these  machiaes.  It  would  seem 
that  the  closed-coil  dynamos,  whether  of  the  ring  or  of  the 
drum  type,  are  not  so  well  adapted  for  furnishing  the  very 
high  electromotive-forces  needed  for  this  work.  The  commu- 
tator, with  its  many  parallel  bars  insulated  with  mica  (which 
is  the  indispensable  adjunct  of  the  closed-coil  armature), 
npidly  dflteriorates  when  exposed  to  the  inevitable  sparking 
and  wide  alterations  of  lead  which  are  inseparable  from  the 
cons  tan  txsurrent  method  of  working.  For  this  method  of 
distribution  of  electric  energy,  nothing  will  stand  wear  and 
tear  so  well  as  the  simple  air-insulated  commutators  described 
in  tliis  chapter.  As  a  pattial  setoff  against  these  advantf^es 
may  be  reckoned  the  somewhat  lower  plant  efficiency  of  open- 
coil  machines.  The  fluctuations  in  the  current  in  well- 
deigned  machines  are  practically  negligible.  Mr.  Mordey 
passed  the  currentfroma  Brush  mftchine  through  thesecondary 
coil  of  a  transformer,  and  found  that  no  measurable  difference 
of  potential  was  produced  at  the  terminals  of  the  primary. 

Some  tests  of  a  closed-coil  arc  dynamo  have  been  published 
by  Owen  and  Skinner  in  the  '  Proceedings  of  the  American 
Inst.  Electrical  Engineers '  for  1893. 

A  special  study  of  tiie  curves  of  induction  in  the  armature 
of  a  Thomson-Houston  arc-light  machine  has  been  made '  by 
Mr.  Milton  E.  Thompaon,  who  found  the  total  current  at  full 
load  to  fluctuate  between  five  and  eight  amperes,  six  times  in 
each  revolution,  the  mean  current  being  6-8.  The  fluctua- 
tions of  electromotive-force  in  each  individual  coil  were  very 
remarkable;  the  curves  being  singularly  irregular,  falling  to 
near  zero  twelve  times  in  each  revolution. 

1,  and  EteeMeat  Ratiev,  txvUL  p.  773, 
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Other  Akc-Light  Machines. 

Bradlty'%  Dynamo. — Mr.  C.  S.  Bradley  has  constructed  a 
dynamo  with  a  closed  ring  armature,  in  which  the  difficulty 
of  commuting  at  high  pressure  is  reduced  by  having  four 
distinct  commutators,  the  brushes  of  which  are  joined  in 
series.  A  machine  of  somewhat  similJEtr  type,  designed  by 
M.  Hurmuzescu  for  testing  purposes,  is  described  in  the  next 
chapter. 

Sferr%f%  Dynamo. — An  arc-light  dynamo  with  a  Gramme 
armature  is  that  of  Sperry,  the  distinguishing  feature  of 
which  is  the  use  of  internal  as  well  as  external  pole-pieces. 
It  was  illustrated  in  the  previous  edition  of  this  book. 

Wood's  Dynamo.  —  This    is    also    a    modified    Gramme 

teachine.^    To  obviate  sparking,  there  is  an  auxiliary  brush 

placed  5  to  10  sections  ahead  of  the  collecting  brush ;  and  the 

"voltage  is  varied  by  a  device  which  shifts  the  brushes  forward. 

"The  width  between  the  auxiliary  brush  and  that  behind  it 

Ss  varied,  being  narrow  where  commutation  has  to  occur  in 

strong  fields,  and  wide  for  weak  fields,  thus  securing  sparkless 

^reversal  in  either  case.   One  of  the  largest  arc-lighting  stations 

an  the  world,  that  at  St.  Louis,  Missouri,  is  supplied  with  58 

of  these  dynamos,  each  capable  of  feeding  60  arc  lamps. 

Phcenix  Arc  Dynamo. — Mr.  W.  B.  Esson  designed  arc- 
light  dynamos*  for  Messrs.  Paterson  and  Cooper,  using 
Gramme  ring  armatures ;  and  found  no  difficulty  in  construct- 
ing them  from  800  up  to  1500  volts.  To  promote  sparkless 
collection  in  all  positions  of  the  brushes,  the  field  in  the  gap 
space  must  be  very  constant.  Hence  in  such  machines  the 
magnets  are  made  with  a  less  quantity  of  iron  carried  to  a 
higher  degree  of  saturation. 

Slatterns  Dynamo. — Another  example  of  a  constant-current 
dynamo,  with  an  automatic  regulator  to  shift  the  brushes,  is 
afforded  by  Statter^s  machine,  in  which,  by  a  careful  shaping 

1  See  Meetrieal  World,  xli.  April  28,  1887,  and  xIt.  54  and  200,  1889; 
also  xvil.  4.  1801. 
9  Journal  Inst.  Electrical  Engineers,  six.  161,  1890. 
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of  tile  pole-facea,  a  disposition  of  the  magnetic  field  is  ol> 
tained  which  permits  the  machine  to  run  sparklessly. 

Many  other  makers,  Mr.  Crompton,  Messrs.  Mather  and 
Piatt,  Messrs.  Siemens  Broe.,  Messrs.  J.  H.  Holmes  &  Co., 
make  good  arc-light  machines,  with  the  general  features  of 
closed-coil  armatures,  commutators  having  many  parts,  and 
magaet-cores  well  saturated. 

F.  B.  Crocker  *  has  pointed  out  that  it  is  desirable  to  use 
carbon  brushes  with  htgh-voltage  closed-coil  dynamos,  as 
copper  wears  off  on  the  mica  insulation,  causing  a  thin  film 
of  copper  which  promotes  sparking. 

He  has  constructed  a  6  horse-power  continuous-current 
dynamo  having  108  parts  in  the  commutator,  capable  of 
yielding  11,000  volts. 

Drooping  Ckaracteriatict. — A  method  which,  though  not 
in  itself  secai-ing  constancy  of  current,  is  much  followed  in  the 
constrnction  of  aix;-ligliting  dynamos,  should  here  be  ex- 
plained. Attention  was  drawn  on  p.  205  to  the  drooping 
form  of  the  characteristics  of  certain  series-wound  machines. 
It  is  obvious  that  if  this  effect  is  sufficiently  exaggerated,  the 
drooping  portion  of  the  characteristic  will  correspond  to  the 
case  of  an  approximately  constant  cuiTent.  The  drooping 
characteristic  is  important  (see  p.  223)  in  promoting  the 
steady  working  of  arc  lamps  in  the  circuit. 

The  causes  that  tend  to  cause  the  cliaracteristic  of  the 
series  dynamo  to  turn  down  after  reaching  a  maximum 
height  ai-e :  (1)  the  demi^^etizlng  effect  of  the  armature 
current  when  there  Is  a  positive  lead  at  the  brushes  ;  (2)  tlie 
saturating  of  the  iron  of  the  armatui'e  core  and  that  of  the 
field-magnets;  (3)  the  leakage  of  magnetic  lines  from  the 
field-magnet ;  (4)  the  peculiar  commuting  arrangements  in 
certain  machines — for  example,  the  open-coil  dynamos  men- 
tioned previously — which  make  their  effective  electromotive- 
force  vary  greatly  with  the  position  given  to  the  brushes ; 
(5)  high  internal  resistance,  and  self-induction.  As  the 
demagnetizing  effect  of  the  armature  current  is  neai'ly  pro 
portional  to  the  cuirent  and  to  the  angle  of  lead,  and  as  the 
>  Addr«M  MoK  KlMUiaa  Congress,  Chicago,  Aug.  24,  1893. 
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angle  of  lead  is  itself  nearly  pi*oportional  to  the  armature 
current,  it  follows  that  the  whole  demagnetizing  effect  is 
nearly  proportional  to  the  squai*e  of  the  armature  current.   In 
Fig.  816,  let  the  curve  E^  represent  the  electromotive-force  (at 
a  given  speed)  when  the  field-magnets  are  separately  excited, 
tiie  armature  circuit  being  left  open ;  this  includes  the  effect 
of  (2)  and  partially  (8)  above. 
On    the  same  diagram  a  curve 
having  ordinates  propoilional  to 
C|,  and  of  such  a  magnitude  as 
to  represent  the  demagnetizing 
action  of  the  armature  currenti 
may  be  plotted.     Deducting  the 
ordinates   of    this   curve   from 
those  of  curve  E^  we  get  curve 
£^9  ^^  dix)oping  characteristio. 
The  trouble  with  all  machines  of 
tihis  class  is  the  sparking  at  the 
brushes  consequent  on  the  varia- 
bility of  the  angle  of  lead. 
The  effect  of  a  drooping  characteristio  can  to  some  extent 
be  obtained  by  inserting  in  the  external  circuit  a  resistance 
of  from  1  to  2  ohms.     And  this  is  preferable  to  having  an 
ijutemal   resistance  that  would  add  to  the  heating  of  the 
az-zziAture.     But  such  auxiliaiy  resistance  should  be  coiled  on 
tn  fx-on  core,  since  self-induction  here  is  of  value  in  steadying 
the  ourrent. 

^^e>^^9tant-0urrent    Regulators.  —  A    number    of    devices 
<^pplio»ble  to  are-light  dynamos  are  described  in  Chapter 
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CHAPTER  XIX. 

HISOELLAHBOUa  DTNAH08. 

In  this  chapter  are  Incladed  Dynamos  for  Electrometal* 
Im^y,  Homopolar  Dynamos,  Disk-Dynamos,  and  other  mia- 
oellaDeous  forms. 

Dynamos  foe  Elbctboplating  and  Electbo- 
hbtallttbqt. 

Special  fonns  of  continuous-current  dynamos  are  needed 
for  the  work  of  electroplating,  electrotyping,  and  the  electro* 
lytic  treatment  of  ores  and  purification  of  metals.  In  general, 
low  electromotive-forces  and  very  large  currents  are  requisite, 
for  the  quantity  of  metal  deposited  in  the  bath  depends  upoik 
the  quantity  of  amperes  of  current  only,  and  not  on  the 
number  of  volts  of  electromotive  force.  And  though  a  few- 
volts  are  necessary  to  drive  the  requisite  current  through  the 
resistance  of  the  circuit,  the  number  is  in  every  case  small. 
To  decompose  water  electrolytically  requires  less  than  two 
volts.  To  deposit  metal  in  a  bath  in  which  the  anode  is  of 
the  same  metal  as  the  deposit  requires  usually  a  very  small 
electromotive-force.  In  general,  if  too  gi'eat  an  electro 
motive-force  is  employed,  or  if  the  density  of  current  (i.  e.  the 
number  of  amperes  per  unit  of  area  of  kathode  sui'face)  is 
permitted,  the  metallic  deposits  will  be  iineven  or  pulverulent. 
All  these  circumstances  point  to  the  construction  of  dynamos 
having  at  most  but  four  or  five  volts  of  electromotive-force, 
but  so  designed  as  to  have  an  exceedingly  low  internal 
resistance.  If,  however,  as  in  some  processes  where  equal 
currents  are  wanted  in  a  number  of  tanks,  the  tanks  are 
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placed  in  series,  the  voltage  needed  will  be  gi*eater  in  pro- 
portion to  the  number  of  cells.  For  example  m  Castner's 
process  for  making  caustic  soda  by  electrolyzing  coiiimon  salt 
solution,  each  tank  needs  2*8  volts,  so  twenty  tanks  in  series 
will  need  46  volts. 

The  first  application  of  a  dynamo  to  the  purpose  of  electro- 
plating is  due  to  Mr.  J.  S.  Woolrich,  who  in  1842  patented 
this  use  of  a  magneto-electiic  machine.    Wilde,  however,  was 
the  first  to  construct  machines  really  fitted  for  the  purpose, 
when  he  invented  the  principle  of  using  a  large  dynamo,  the 
field-magnets  of  which  wei*e  separately  excited  by  the  currents 
of  a  smaller  magneto  machine.    His  first  machines,  which 
were  used  for  many  years  by  Messrs.  Elkington,  had  small 
exciters  of  the  old  Siemens  type  (Fig.  28),  mounted  upon, 
electromagnets  of  the  form  shown  in  Fig.  100,  No.  1.    Both 
armatures  were  of  the  old  shuttle-form,  introduced  by  Siemens, 
and  the  larger  one  required  to  be  kept  cool  by  streams  of 
water.    About  the  year  1867  Wilde  introduced  a  multipolar 
machine  with  a  redressing  commutator.     Weston  intit>duced 
a  small  machine  for  nickel-plating  which  had  steel  cores  to 
the  magnets  but  with  main-circuit  coils  upon  them,  and  an 
automatic  cut-off  to  break  the  current,  to  prevent  the  mag- 
netism  from  reversing  by  a  back-current  from   the  bath. 
The  commutator  merely  rectified  the  currents  (p.  88)  without 
rendering  them  continuous.     This  is  a  bad  feature ;  the  fluc- 
tuations of  the  current  ought  to  be  reduced  to  a  minimum 
by  employing  a  many-part  armature  with  a  proper  collector. 
Elmore  built  large  dynamos,  for  copper  refining,  with  eighteen 
electromagnets  in  each  crown,  yielding  a  current  of  3000 
amperes  at  a  potential  of  seven  to  eight  volts.   Such  a  machine 
would  deposit  over  25  lbs.  of  copper  per  hour.    The  field- 
magnetcoils  were  unfortunately  in  series  with  the  main  circuit. 
All  electroplating  dynamos  should  be  shunt-wound  or  they 
are  liable  to  reverse  their  polarity.    Gramme  in  1878  built 
special  forms  of  very  low  resistance  with  strip-wound  arm»> 
tures  having  a  commutator  at  each  end,  and  giving  1500  am- 
peres at  8  volts.    Siemens  and  Halske  also  were  early  in  the 
field  with  machines  having  bar  armatures,  which  they  em- 
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ployed  at  their  electrolytic  works  at  Oker.'  Brush  abw)  con- 
structed large  machiiicB  of  low  resistance  for  electroplating 
puiposes.  These  machines  had  coatse  wire  coils  connected 
in  series,  and  a  shunt,  or  so-called  "  teazer  "  coil,  of  iiner  wire 
Xo  maintain  the  magnetism  when  tlie  main  circuit  was  opened ; 
thus  enabling  the  machine  to  do  either  a  lai^e  or  a  small 
amount  of  work  without  fear  of  i-eversing  tlie  cun-ent.  The 
voltage  of  this  machine  varied  only  from  8-3  to  4-1  volts, 
whilst  the  current  varied  from  800  amperes  to  zero. 

Other  dynamos  Imve  been  designed  for  electroplating 
and  electro-metallui;gical  work  by  nearly  all  the  important 
manufacturers. 

An  Elwell-Parker  depositing  dynamo'  gavelSOO  amperes  at  60 
volts  at  450  revolutions  per  minute;  a  4-pole  shunt-wound  drum 
tnacbine,  with  80  stranded  conductors,  each  of  O'S  square  inch  sec- 
tion, on  the  drum,  and  a  40-part  commutator.  Armature  is  20 
inches  long  and  22  inches  diameter,  with  an  unusually  long  com- 
mutator. Four  sets  of  brushes,  Ave  in  each  set.  Length  of  active 
conductor  1600  inches.  At  peripheral  speed  of  8600  feet  per  minute 
geueratee  1  volt  for  each  8  inches  of  conductor. 

A  60  kilowatt  dynamo,  by  Paterson  and  Cooper,'  for  producing 
bleaching  liquor  electrolytically,  gives  1200  amperes  at  42  volta. 

Another  60  kilowatt  dynamo,  designed  by  Hopkinson  *  for  copper 
refining,  gives  1000  amperes  at  60  volts,  at  400  revolutions  per 
minute;  resistanceof  armature  0-0016  ohm;  commercial  efficiency 
93  per  cent. ;  total  weight  fit  tons. 

A  plating  dynamo  by  Stafford  and  Eaves  *  has  solid  and  simple 
magnetic  circuit  with  one  exciting  coit  and  a  ring  armature  with 
only  eighteen  sections,  giving  ISO  amperes  at  6  volts  at  640  revolu- 
tions per  minute. 

In  dynamos  for  such  purposes  the  requirement  of  lai^ 
current  and  very  low  voltage  introduces  difficulties  into  the 
design,  for  the  voltage  cannot  be  obtained  low  enough  without 
having  either  very  few  convolutions  on  the  armature,  or  else 
a  weak  field-magnet,  or  else  a  very  slow-speed  machine. 

>  See  latktTotechaUche  ZeiUi:hr\ft,  It.  54. 

*  SleeMcian,  iii.  133,  188& 

*  Rid.,  xvll.  62, 1866. 
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Slow-speed  machines  are  always  costly  in  proportioQ  to 
tbeir  output.  Machines  with  weak  magnets  give  trouble 
ifitk  sparking.  Machines  with  few  massive  conductors  and 
few  parts  in  commutator  give  trouble  in  sparking,  and  are 
'iftble  to  heat  from  local  eddy-cun-ents.  A  stranded  con- 
''uctor  should  be  used,  or  several  independent  windings  (see 
PP'  272  and  406),  all  put  in  parallel  by  brushes  of  special 
*'''ckue83. 

Sayera  has  proposed  an  ingenious  device  to  enable  currents 
^  be  taken  from  a  machine  at  various  voltages.     The  pole 
surfaces  are  subdivided  by  deep  nicks  as  m  Fig.  317,  thus 
providing   several    neutral   points    on    the   commutator   at 
"which  brushes  may  be  placed 
without     sparking.       Thus, 
^^^        example,     whilst     the 
P^'tential    between    the    two 
'^^aiii     brushes     may     be    10 
*olts,  an  inteniiediate  brush 
"^^y     be  employed  to   divide 
tliiii  i  uto  7i  volts  for  nickeling 
*i  cl    2^  volts  for  silver-plating. 

^tessn*.   Ci-omi)ton    &    Co.  ~ " 

''**'vo  devised  a  method  of 
**i'vit3ing  the  main  leads  be- 
tween  two   pairs   of   brushes 

*Ouoliiiig  adjacent  bare  of  the  commutator,  and  are  thereby 
^■labled  to  constmct  their  plating  machines  with  fewer  pai-ts 
*'^  tile  armature.  The  divided  leads  fro.n  the  dynamo  to  the 
P'ating  tanks  cost  no  more  than  a  single  undivided  lead 
<^nl(l  do,  ijQt  they  interpose  a  compai-atively  large  resistance 
'  tfie  path  of  the  local  current  from  the  shortrcircnited 
Action. 

*^i'  the  special  purpose  of  the  aluminium  industry  several 
^I*es  of  machines  have  been  developed.  Messra.  Crompton 
f,jf  '  built  a  very  large  2-pole  diTim  machine.*  capable  of 

^'**-*aing  5000  amperes  at  60  volts.     Mr.  C.  E.  L.  Brown* 


-«•*, 


ctrieian,  sxl.  500,    1888;  ftho  La  Lvmrere  EteeMqne, 


r"-^   lumftre  EUclrlquf,  ijtx.  ZOT,  1838;  SlecMctan,  xx[.  727,  1388. 
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designed  for  the  Oerlikon  Works  some  6-pold  machines  for 
6000  amperes  at  20  volts  at  180  revolutions  perminute.  The 
armatures  have  each  two  separate  windings  with  a  com^au- 
tator  at  each  end,  and  at  each  commutator  36  brushes, 
arranged  iii  six  sets  of  six  each.  The  field-ma^et  is  like 
Fig.  108,  but  with  six  poles,  and  cast  in  one  piece.  The 
armature  is  38  inches  in  diameter  and  24  inches  long.  Tlio 
windings  were  at  first  embedded  in  holes  in  the  core-diiika  ; 
but  as  troubles  arose  about  insulation,  the  core-disks  were 
turned  down  and  the  armature  re-wound  with  external  cod- 
ductoi's.  Although  there  aie  as  many  hiusli-seta  as  poles, 
rendering  crosihconnection  of  the  windings  not  absolutely 
necessary,  yet  such  cross-connections  are  added  to  ensure 
equalization  of  the  currents,  equipotential  segments  of  tlie 
commutator  being  internally  cross-connected  by  rings  with 
three  projecting  lugs.  Mr.  Brown  has  also  made  some  8-pole 
niacliines  for  an  output  of  14,000  amperes  at  30  volts.  The 
8-pole  and  24-po!e  generators  of  the  Oerliken  Company  are 
described  on  p.  412  above. 

Some  statistics  relating  to  electro-metallurgy  will  be  fouiid 
in  Appendix  B. 


DYNAM03  FOIt   AcCUMCLATOR-CHARGIJfG. 

In  central-station  work  wliere  lotteries  of  accumulators 
are  used,  the  usual  practice  is  to  employ  shunt  dynamos 
eajjable  of  giving  25  or  30  per  cent,  higher  electromotive- 
force  than  that  at  which  the  battery  is  to  discharge ;  and 
their  circuits  are  usually  an-angcd  so  that  the  mains  can  be 
supplied,  according  to  demand,  either  from  the  dynamos  and 
accumulators  together  in  parallel  at  the  time  of  maximum 
load  or  from  either  separately. 

Whenever  dynamos  are  wanted  for  the  sole  purpose  of 
charging  accumulators,  it  is  better  to  design  them  specially 
BO  that  their  magnets  are  not  too  highly  saturated  under 
working  conditions.  For  then,  during  charging,  when  the 
counter  electromotive -force  of  the  cells  gradually  rises,  the 
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Voltage  of  the  dynamo  also  rises  automatically,  instead  of 
i^maining  nearly  constant  as  it  would  do  if  the  magnetism 
tvere  incapable  of  further  rise.     The  result  is  that  the  charg- 
ing current  remains  more  nearly  constant  without  interven- 
tion of  an  attendant. 


Extra-High  Pressube  Dynamos. 

For  transmission  of  power  to  long  distances  by  continuous 
currents,  and  for  laboratory  purposes,  dynamos  are  occasionally 
required  giving  extra-high  pressure.   Croker  ^  lias  constructed 
a  macliine  yielding  0*3  of  an  ampere  at  11,000  volts,  the  com- 
mutator consisting  of  108  parts.      He  recommends  carbon 
brushes  for  such  machines,  in  order  to  minimize  the  sparking. 
Under  the  direction  of  M.  Ilurmuzescu,  a  continuous  current 
dynamo  2  of  exceptionally  high  voltage  has  been  built  for  the 
physical  laboj'atory  of  I^  Sorbonne,  by  La  Soci^td  Cail,  to 
whose  chief,  M.  Helmer,  the  details  of  the  design  are  due. 
The  normal  output  of  the  machine  is  2  amperes  at  a  pressure 
of  3000  volts,  but  it  has  yielded  a  pressure  of  4000  volts  with 
ease.     A  longitudinal  section  of  half  of  the  machine  is  shown 
in  Fig.  S18,  there  being  altogether  four  armatures  on  the 
same  shaft.   Fig.  319  gives  two  different  cross  sections.   The 
shape  of  the  field-magnets  being  sufficiently  indicated  in  the 
drawings,  needs  no  description.     The  special  advantage  of 
this  type  of  field-magnet  is,  that  a  perfectly  symmetrical  field 
m  obtained   without  the  additional  cost  of  copper  that  is» 
incident    to  a  double   magnetic   circuit.     There   are   foui 
armatures  of  the  ring  type  mounted  on  the  same  shaft,  each 
giving  a  pressure  of  750  volts  at  a  speed  of  1500  revolutions 
per  minute.     The  winding  consists  of  160  sections  of  66  turns 
per  section,  so  there  are  10,560  wires  on  the  periphery.  Each 
commutator  is  20  cms.  in  diameter,  and  consists  of  160  seg- 
ttients,  there  being  a  maximum  of  10  volts  between  any  two 
segments.     The  resistance  of  armature  is  128  ohms. 

^  Address  before  the  Electrical  Congress,  Chicago,  August  24,  1808, 
metrical  World,  xxii.  201. 
^  V Industrie  Electrique,  July  10,  1805,  p.  2U0. 
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HoMOPOLAR  (**  Unipolar  *')  DvNi^Mos. 

Jn  those  cases  where  the  motion  is  such  that  the  conductor 
moves  continuously  past  poles  of  one  kind  only,  the  inductive 
operation  is  said  to  be  homopolar ;  in  cases  where  it  passes 
from  being  opposite  a  N-pole  to  being  opposite  a  S-pole,  the 
operation  is  said  to  be  heteropolar.  Ileteropolar  operations 
obviously  generate  alternate  currents,  unless  a  commutator 
is  added.  Homopolar  operations  give  rise  to  a  continuous 
induction  of  electromotive-force  if  the  field  is  also  continuous, 
the  rotation  of  the  conductor  effecting  a  continuous  cutting 
of  the  magnetic  lines  without  any  reversal  in  direction ;  but 
in  such  cases,  sliding  connections  are  necessary  to  collect  the 
current.  Machines  giving  currents  by  continuous  homopolar 
induction  were  formerly  known  ^  as  "  unipolar  "  machines. 
If  the  homopolar  operation  is  arbitrarily  rendered  discon<» 
tinuous,  as  in  Mordey's  alternator  apd  in  some  of  the 
**  inductor "  alternators,  by  dividing  up  the  pole-face  into 
separate  projections,  and  the  conductor  is  wound  alternately 
backwards  and  forwards  across  the  field,  the  result  will  be 
an  alternating  induction. 

The  earliest  machine  which  has  any  right  to  be  called  a 
dynamo  (Fig.  1,  p.  5),  namely,  the  rotating  copper  disk  of 
Faraday,  was,  in  fact,  of  the  homopolar  class.  So  were  his 
other  machines  with  sliding  connections ;  for  example,  the 
copper  cylinder  rotating  over  the  pole  of  a  magnet  (Fig.  8, 
p.  6).  Plucker*  devised  another  fonn,  with  a  horizontally  rotat- 
ing magnet,  having  sliding  contacts  at  the  middle  and  at  either 
end.  In  1862  Mr.  S.  A.  Varley  had  a  homopolar  apparatus  with 
an  iron  magnet  rotating  in  a  vertical  frame  having  a  mercurial 
connection  at  the  middle-point.  About  1878  Dr.  Werner 
Siemens  '  designed  a  homopolar  machine  in  which  there  were 
two  cylinders  of  copper,  both  slit  longitudinally  to  obviate 

1  This  sounds  lik^a  Iucub  a  non  lucendo,  for  the  magnet  has  two  poles.  But 
the  name  is  derived  from  the  term  '*  unipolar  induction,'*  which  continental 
electricians,  following  Prof.  Wilh.  Weher,  give  to  the  induction  of  currenta 
by  the  process  of  **  continuous  cutting/*  which  we  are  now  dealing  with. 

^  Pogg.  Ann,  IxzxyU.  352,  1S52. 

*  ElektrotechnUche  ZeiUchrift,  ii.  94,  ISSl. 
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eddy-currents,  each  of  which  rotated  around  one  pole  of  a 
(J-shaped  electromagnet.  A  second  electromagnet  was  placed 
between  the  rotating  cylinders,  with  protruding  pole-pieces  of 
arching  form  which  embraced  the  cylinders  above  and  below. 
Each  cylinder,  therefore,  rotated  between  an  internal  and  an 
external  pole  of  opposite  polarity,  and  consequently  cut  the 
lines  of  force  continuously  by  sliding  upon  the  internal  pole. 
The  currents  from  this  machine  are  very  great,  but  of  only  a 
few  volts  of  electromotive-force.  To  keep  down  the  resistance, 
many  collecting  brushes  press  on  the  cylinders  at  each  end. 
This  dynamo  was  used  at  Oker  for  depositing  copper.  Much 
attention  has  been  paid  in  recent  yeai-s  to  machines  of  this 
type,  and  the  author  himself  designed  one  in  which  two 
Paraday  disks,  coupled  at  their  peripheries  outside  an  internal 
stationary  pole-piece,  rotate  in  a  symmetrically  uniform  field. 
Mr.  Willoughby  Smith  showed  that  if  an  iron  disk  be  used 
instead  of  a  copper  disk  a  much  more  powerful  effect  is 
obtained.  Prof.  George  Forbes  has  constructed  several 
machines  of  this  class.  Originally  he  began  by  employing  an 
iron  disk  which  rotated  between  two  checks  of  opposite 
polarity,  the  current  being  drawn  from  its  periphery.  He 
then  doubled  the  parts.  The  next  stage  was  to  unite  the  two 
disks  into  one  common  cylinder,  rotating  within  an  entirely 
self-contained  iron-clad  field-magnet.  For  this  reason  the 
inventor  prefers  to  call  this  type  of  djTiamo  "  non-polar.'*  A 
rubbing  contact — for  which  purpose  Prof.  Forbes  at  one  time 
used  carbon  brushes,  and  at  another  a  number  of  springy 
strips  of  metal  foil — is  maintained  at  the  two  extremities  of 
the  periphery.  One  of  the  earlier  forms  of  machine,  with  a 
single  disk  18  inches  in  diameter,  was  stated  to  give  3117 
amperes  at  a  potential  of  5*8  volts  when  running  at  1500  re- 
volutions per  minute.  One  of  the  later  machines,  in  which 
the  armature  is  a  cylinder  of  iron  9  inches  in  diameter,  8 
inches  long,  is  designed  to  give  a  current  of  10,000  amperes 
at  1  volt,  at  1000  revolutions  per  minute.  In  designing  such 
machines  it  is  convenient  to  remember  that  the  voltage  may 
be  expressed  in  the  formula 
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vhere  v  is  the  linear  Telocity  of  tbe  inOTiiig  conductor  (cms. 
per  sec.),  I  its  length  (oou.)  at  riglit  angles  to  the  directi<m  of 
motion,  and  B  ^he  flux-density  of  the  field.  For  example, 
a  cylinder  of  copper,  20  cms.  broad,  revolving  in  a  field  of 
10,000  linee  per  cm.,  at  a  linear  ej^ed  of  4000  cms.  per  second 
will  induce  8  volts.  The  electiomotive-foi'cu  of  such  macliines 
increases  as  tlie  equare  of  the  linear  dimensions.     Other  types 

I 


Flo.  8!0.— iteOWH'S  HOXWOLAS  DXIUlfO. 

liave  been  designed  by  E,  Ferraris,  E.  L.  Voice,  Delafield, 
Hnmmel  and  others,  including  Atkineoii,^  n-hose  machine  ia 
self-exeiting.  All  the  important  forms  prior  to  1885  are 
described  and  discussed  bj-  Upi)enbom  in  the  Cantralblattfilr 
ElektrotechnTk  of  that  year,  p.  324. 

Tbe  theory  of  the  homopolar  disk-dynamo  has  been  giTen 

>  La  Xum[%r«  Electriqite,  xxii'.  55T,  laoa 
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by  Lord  Kelvin,^  wl  10  ha»  shown  that  such  a  machine  itj  Dot 
self-es citing  except  iiboTe  a  certain  critical  speed,  dependent 
on  the  resistance  of  the  circuit. 

Two  difficulties  seem  to  beset  this  type  of  machine,  namely, 
the  inherent  trouble  of  peripheral  collection  of  large  currents, 
and  the  vety  considerable  armature  reactions  which  accom- 
pany these  lai-ge  currents,  causing  great  fall  in  the  voltage  'as 
the  current  increases.  The  latter  can  only  be  obviated  by  the 
same  expedients  as  hold  good  in  all  other  types  of  dynamo, 
namely,  to  make  the  field-magnets  relatively  powerful  and  to 
counterbalance  the  reactions  by  compounding  or  overcom- 
pounding  the  machine  by  the  use  of  series  windings. 

Mr.  C.  E.  L.  Brown  has  communicated  to  the  author  some 
results  and  drawings  of  a  unipolar  machine.  Fig.  320,  built 
at  the  Oerlikon  Works,  with  a  cylinder  of  copper  rotating 
between  the  lips  of  an  iron-clad  electromagnet  of  cast  ii-on. 
This  machine  at  1200  revolutions  per  minute  worked  at  10 
yolts  and  showed  hardly  any  perceptible  drop  in  voltage 
when  3000  amperes  were  taken  from  it.  This  is  the  first 
really  practical  homopolar  machine.  Since  this  was  built  a 
closely  kindred  form  has  been  designed  by  M,  Thury, 

Much  interest  has  been  shown  in  recent  years  in  the  homo- 
polar  type  of  machine,  tlie  theory  of  which  is  stilt  to  some 
extent  obscure.  It  will  be  sufficient  to  refer  to  the  writings 
of  Tolver  Preston,*  Hering,*  Arnold,^  Hoppe,*  Weber,"  and 
Lecher.* 

Disk-Dtnamos. 

In  the  dynamos  of  this  class  the  coils  are  carried  round 
to  different  parts  of  a  magnetic  field,  such  that  either  the 
intensity  differs  in  different  regions,  or  mote  generally  the 

'  On  a  unilona  electric  current  aceunralator  iPhU.  Mag.,  Janiuu;  1S08  ; 
tai  Reprint  q^  Papers,  p.  '325). 

'See  some  figures  given  by  Hummel  in  vol.  IL  p.  19  otKittler'*  Bandbueh 
der  Elektroltchnik. 

•  Phil.  Mag.,  February  1885,  March  1B85,  and  February  1801. 

•  Elec.  World,  icxill.  63,  1894.  *  EleklrotecknUche  ZeiUcbri/t.  tUrcb  1. 
18S6. 

•  Wttd.  Ann.  ixlx,  544,  1886  ;  and  xixU.  266,  1887. 
1  EUktrotechniscke  ZeiUchrift,  Aug.  15,  1805. 

'  WUd  Ann.  liv.  pp.  27fra04,  1866. 
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lines  of  force  run  in  opposite  directions  in  different  paiiB  of 
the  field.     Fig.  17  (p.  29)  illustrates  this  principle  ;  and  we 
shall  now  consider  how  it  is  carried  out  in  practice.     \\\  the 
early  machines  of  Saxton,  Clarke  and  Stohrer,  single  pairs 
of  coils  were  mounted  so  as  to  pass  in  this  fashion  through 
parts  of  the  field  where  the  magnetic  induction  was  oppositely 
directed.     Such  a   machine   will,   therefore,  give   alternate 
currents,  unless  the  commutator  be  affixed  to  the  rotating  axis. 
In  1878  von  Hefner  Alteneck  designed  a  disk-dynamo  in 
which  the  number  of  coils  differed  by  two,  or  some  other 
number,  from  those  of  tne  iield,  and  with  the  employment  of 
a  multiple-bar  commutator  with  com- 
plicated cross-connections.     In  1881 
Hopkinson   and   Muirhead    showed 
a  disk-dynamo  with  a  wave-winding. 
In  1875  Professor  Pacinotti  devised  ^ 
a  form  of  disk-annature,   which  he 
described  as  a  **  transversal  electro- 
Haagnet    fl)'-wheel."     The   machine, 
"Which  was  exhibited  at  Paris  in  1881, 
Ixad    for  field-magnet   two    electro- 
^^agnets  placed  with  their  contrary 
(^oles  juxtaposed,  forming,  as  shown 
i*i  Fig.  321,  a  single  magnetic  circuit 
with  two  gaps.     Tliough  these  two 

gaps  passed  a  disk-armature,  constructed  of  radical  con- 
ductors arranged  to  cut  the  immense  magnetic  fields.  The 
electromotive-forces  induced  in  these  conductors  would  on 
the  one  side  be  directed  radially  inwards,  on  the  othci 
radially  outwards.  The  IRethod  devised  by  Pacinotti  for 
connecting  the  radial  conductors  into  a  single  closed  coil  is 
shown  in  fig.  200,  p.  279.  Another  type  of  disk-armature 
was  invented  by  Lord  Kelvin,  consisting  of  a  wheel  with 
spokes  like  a  bicycle  wheel,  with  collecting  brushes  pressing 
against  opposite  ends  of  a  diameter.     BoUman'  devised  a 

1  iVuovo  dmeaio  [8]  X.,  September  1881. 

*  For  detailed  drawiiiKS  and  description,  see  CeniraXhlaii  Jut  SlektroUel^ 
nik.  ix.  7,  1887. 
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multipolif  machine,  having  a  complex  armature  built  up  of 
radial  Btripo  of  copper  connected  ia  zigzag  and  joiued  to  a 
orossKioatiected  commutator.  More  recently  machines  of  this 
claae  have  been  devised  by  Desrozieis,'  Robin,'  Jelil  and 
Rnppt'and  Sayers>  The  macfainee  of  Desrozieis  have  been 
described  on  p.  442,  and  his  method  of  winding  on  p.  281. 

FriUeke's   JH»k-Dynamoa. — These   dynamos*  have  a  disk 
with    multipolar    wave-\Yinding    with  series   grouping  for 
The  interesting  coiiatmctional  feature  of  tiiesa 


Fro.  823.— PoLECHKO's  Disk-Dynamo. 

machines  in  the  use  of  wrought-iron  bara,  instead  of  copper, 
as  the  active  conductors  in  tlie  disk.  The  commutator  is 
fixed  to  the  outside  of  the  disk,  with  the  brushes  trailing 
against  the  periphery  at  two  points. 

■  See  La  Lumih-e  tlectrique,  xxiv.  203,  S94  And  517,  1S87 ;  xxlz.  401, 
1888 ;  and  U.  S.  Patent  No,  450,610.  '  Ibid.,  xiIt,  M4,  1887. 

■  Ibid.,  sxlv.  343,  ieS7.  Sec  also  detailed  illnstratlgns  and  dMctlptloo  la 
Tiy.  368,  1887  ;  and  in  Electrician,  ili.  W,  1887. 

*  SpecUeatlm  of  PMcnt,  TIT  of  188T. 

'  Sm  Fritsche's  bcok.  Die  GUichetrom-I>)/namomatcMne,'BeT]ia,  19S9; 
also  SpeclQcatton  of  British  Fat«nt,  No.  13,080  of  1B8T.  See  also  7%«  £leo> 
-trMcm,  xxil.  eu,  1886 ;  «1M  ^tetrUal  Bmiev,  xxix.  413,  1801 ;  uiA 
Slectrical  World,  xil.  205,  1889. 
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Polechko^i  Dynamo, — This  forni^  realizes   Lord  Kelvin's 

suggestion  for  a  wheel-dynamo.    The  wheel  is  1  metre  in 

diameter,  with  narrow  copper  spokes  to  rotate  in  a  narrow  gap 

between  the  pole-pieces  of  a  pair  of  electromagnets,  arranged 

to  produce  a  very  intense  narrow  magnetic  field  along  two 

opposite  radii.     Fig.  322  shows  its  form,  and  the  arrangement 

for  collecting  the  current  from  the  periphery,  which  is  made 

up  of  320  insulated  pieces  of  copper  strongly  held  together 

by  an  insulated  steel  ring  at  the  middle  of  the  rim.     It  gave, 

at  1500  revolutions  per  minute,  a  current  of  2000  amperes  at 

25  volts ;  the  entire  machine  weighing  1-1  tons. 

'  Journal  de  la  Sociiti  Physicfhchimique  ruMe»  xiil.  Itt,  JfiOOl 
31 
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CHAPTER  XX. 

CONTINUOUS-CURRENT   MOTORfl. 

In  the  first  chapter,  t}ie  definition  was  laid  down  tliat 
dynanio-electlic  machinery  meant  machinery  for  convertiDg 
mechanical  energy  into  the  energy  of  electric  currents, « 
vice  verad.  Having  dealt  with  the  dynamo  in  ite  functions 
as  a  genei'ator  of  electric  currents,  we  now  come  to  its  con- 
vei-se  function,  namely,  that  of  converting  the  energy  of 
electric  cuirents  into  tlie  energy  of  mechanical  motion. 

An  electric  motor,  or,  as  it  was  formerly  called,  an  electro- 
magnetic  engine,  is  one  wliicli  does  mechanical  work  at  the 
expense  of  electric  energy.  Any  kind  of  dynamo,  whether 
for  continuous  currents  or  alternating  currents,  can  be  used 
conveisely  as  a  motor,  though,  as  we  shall  see,  some  more 
appropriately  than  oUiera.  Since  alternate-cunent  motors 
differ  in  their  design  from  those  intended  to  work  with  con- 
tinuous currents,  they  will  be  considered  later  on  in  conneo 
tion  with  alternate-current  apparatus. 

Every  one  knows  that  a  magnet  will  attract  the  opposite 
pole  of  another  magnet,  and  will  pull  it  around.  We  know 
also  that  every  magnet  placed  in  a  magnetic  field  tends  to 
turn  reund  and  set  itself  along  the  line  of  foree.  It  is  not, 
therefore,  difficult  to  understand  that  very  soon  after  the 
invention  of  the  electromagnet,  which  gave  us  for  the  first 
time  a  magnet  whose  power  was  under  control,  a  number  of 
ingenious  persona  perceived  that  it  would  be  possible  to 
construct  an  engine  in  which  an  electromagnet,  placed  in  a 
m^netic  field,  should  be  pulled  round ;  and  further,  that  the 
rotation  should  be  kept  up  continuously,  by  cutting  off  or 
reversing  the  current  at  an  appropriate  moment.  On  this 
Tery  principle  was  constructed  the  earliest  electric  motor  of 


Continuous-Current  Motors.  483 

Ritchie,  so  well  known  in  many  forms  as  a  stock  piece  of 
electric  apparatus,  but  little  better  in  reality  than  a  toy. 
Joule  ^  also  devised  several  forms  of  electric  motor. 

A  still  earlier  rotating  apparatus  was  Sturgeon's  wheel* 
disk,  described  in  1823.  This  instrument,  interesting,  though 
a  mere  toy,  as  being  a  forerunner  of  Faraday's  disk  dynamo, 
is  a  representative  of  a  distinctive  class  of  machines,  namely, 
homopolar  machines  (p.  475),  which  have  a  sliding  contact 
merely,  and  need  no  commutator. 

A  great  step  in  advance  was  made  by  Jacobi,^  who,  in 
1838,  constructed  a  multipolar  motor. 

Another  class  of  motoi-s  may  be  named,  wherein  the  mov- 
ing  part   oscillates    backwards    and    forwards.      Professor 
ilenry  constructed,  in  1831,  a  motor  with  a  beam  oscillating 
by   the   intermittent   action  of  an  electromagnet.     In   Dal 
Negro's  motor  of  1833  a  steel  rod  geared  to  a  cmnk  was 
oaused  to  oscillate  between  the  poles  of  an  electromagnet. 
A  distinct  improvement  in  this  type  of  machine  was  intro- 
duced by  Page,  who  employed  hollow  coils  or  bobbins  as 
electromagnets,  which  by  their  alternate  action,  sucked  down 
iron  cores  into  the  coils,  and  caused  them  to  oscillate   to 
^uid  fro. 

Page's  suggestion  was  further  developed  by  Bourbouze, 
"Vrho  constructed  the  curious  motor  depicted  in  Fig.  323, 
Xvhich  looks  uncommonly  like  an  old  type  of  steam  engine. 
^We  have  here  a  beam,  cmnk,  fly-wheel,  connecting-rod,  and 
^ven  an  eccentric  valve-gear  and  a  slide-valve.  But  for 
C3ylinders  we  have  four  hollow  electromagnets ;  for  pistons, 
xve  have  iron  cores  that  are  alternately  sucked  in  and  drawn 
out ;  and  for  slide-valve  we  have  a  commutator,  which,  by 
dragging  a  pair  of  platinum*tipped  springs  over  a  flat  surface 
:^nade  of  three  pieces  of  brass  separated  by  two  insulating 
strips  of  ivory,  revei-ses  at  every  stroke  the  direction  of  the 
currents  in  the  coils  of  the  electromagnets.  It  is  really  a 
^ery  ingenious  machine,  but,  in  point  of  efficiency,  far  behind 

'  AnnaU  qf  Electricity,  li.  222,  183S  ;  and  iv.  203,  1S39. 
»  A  cut  and  description  of  this  motor  will  be  found  in  the  former  editions 
^«xf  this  book. 
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all  modem  electric  tnotoiB.  It  does  not  da  to  design  dyiuun»- 
electric  machiBery  on  tlie  stiae  lines  as  steam  engines. 

Yet  another  now  obsolete  class  oi  electric  motors  owed  Its 
existence  to  Froment,  who,  fixing  a  series  of  pandlel  iron  bars 
upon  tbe  peripheiy  of  a  drum,  caused  them  to  be  attracted, 
one  after  the  other,  by  an  electromagnet  or  electromagnets. 

Lastly,  of  the  various  historical  types  of  motor  we  may 
enumerate  a  class  in  which  the  rotating  portion  is  enclosed  in 
an  eccentric  frame  of  iron,  so  that  as  it  rotates  it  gradually 
approaches  nearer.    Little  motors  working  oa  this  prlaciple 


no.  328.~BotiRBouzE's  Electric  Motos. 
of  "oblique  approach,"  have  long  been  Used  for  light  experi- 
mental work. 

It  is  impossible  within  the  limits  of  thia  work  to  deal  with. 
a  tithe  of  all  the  various  stages  ^  of  discovery  and  invention. 

'  An  oicellenl  nccoiinl  o£  tlic  early  forms  of  electni;  motor,  both  Europeun 
and  American,  is  to  be  found  in  Martin  and  Weuler'd  Tht  ^ixVr^  Motor 
and  itn  AppUcatiom,  third  edition,  J891.  All  re«dera  inierealod  in  the  sub- 
ject should  also  consult  the  paper  on  Eleclro-magwliim  <u  a  Metive  Pmoer, 
by  tho  lato  R.  Hum,  in  Froc.  Irut.  Cieit  Engineers,  ivi.,  April,  1857, 
together  with  the  discussion  that  followed  it,  iii  which  part  was  taken  by 
Professor  Tliomsou  (tiow  Lord  Kelvin),  Mr.  (now  Sir  Willian)  Grtjve,  Pro. 
feaaor  Tyndall,  Mr.  Cowper,  Mr.  Smec  »nd  Mr.  Robert  Slephenson.  For 
modern  motors  they  should  consult  KHpp's  The  Ek'-.lric 
PuKtr,    or    SiicU's    EUdrk   ll^./in    l':,r.r. 
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The  work  of  Page,  Davidson,  Hjorth  and  others  is  alluded 
to  in  tlie  Historical  Notes  at  the  beginning  of  this  book.  Bat 
the  real  development  came  after  the  commercial  introduction 
of  Gramme's  djmamos  in  1871,  as  engineers  began  to  nndeiv 
stand  how  two  machines  could  be  used— one  as  generator,  the 
other  as  motor — to  ti'ansmit  power  througli  a  line. 

All  the  earlier  attempts  to  iiitroiluce  electric  motors  came 
to  nothing,  for  two  reasons.  Firatly,  at  that  time  there  was 
no  economical  method  of  generating  electric  currents  known ; 
secondly,  the  great  physical  law  of  the  conservation  of  energy 
was  not  fully  recognized,  and  its  all-importaut  bearings  upon 
the  theory  of  electric  macliinery  could  not  be  foreseen. 

While  voltaic  batteries  were  the  only  available  sources  of 
rfectric  currents,  economical  working  of  electric  motors  was 
hopeless ;  for  a  voltaic  battery  wherein  electric  curi'ents  ai'e 
generated  by  dissolving  zinc  in  sulphuric  acid  is  a  very  ex- 
pensive source  of  power.     To  say  nothing  of  the  cost  of  the 
ttcid,  the  zinc — the  very  fuel  of  the  battery— <josts  more  than 
twenty  times  as  much  as  coal,  and  is  a  far  worse  fuel;  for 
"Vvhilst   an  ounce   of  zinc  will  evolve  heat   to   an   amount 
o^juivalent  to  113,000  foot-pounds  of  work,^  an  ounce  of  coal 
'^^ill  furnish  the  equivalent  of  695,000  foot-pounds. 

The  fact,  however,  which  seemed  most  discouraging,  bat 

"Xvhich,  if  it  had  been  rightly  interpreted  in  accordance  with 

"the  law  of  conservation'  of  energy,  would  have  been  found 

X»iostencouraging,wasthe  following: — If  a  galvanometer  was 

Jnhiced  in  the  circuit  with  the  electric  motor  and  the  battery  it 

ATvas  found  that  when  the  motor  was  running  the  battery  was 

Xanable  to  force  through  the  wires  so  stix)i3g  a  current;  as  thafc 

Xvhich  flowed  when  the  motor  was  standing  still.     The  faster 

tJie  motor  ran,  the  weaker  did  the  current  become.     Now 

"there  are  only  two  causes  that  can  stop  such  a  cement  flowing 

in  a  circuit;  there  must  be  eitheran  ohstructive  resistance  or 

'  A  convenient  way  of  regarding  the  (»ronomIc  .juesiion  from  the  point 
Of  view  of  the  cost  of  the  voltaic  battery  is  affonleii  by  the  following  ealcvla- 
Supposing  the  electric  motor  to  convert  all  the  electrir  energy  of  the 
Wlthoiit  Io?9  into  mechanical  energy,   the  amount  of  zinc  nsed  per 
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else  a  counter  electromotive-force.  At  first,  the  conitnon  idea 
was,  that  when  the  motor  was  spinning  round,  it  offered  a 
greater  resistance  to  the  passage  of  the  electric  current  than 
when  it  stood  still.  The  genius  of  Jacobi  ^  enabled  him,  how- 
ever, to  discern  tlmt  the  observed  diminution  of  current  was 
really  due  to  the  fact  that  the  motor,  by  the  act  of  spinning 
round,  began  to  work  as  a  dynamo  on  its  own  account, 
and  tended  to  set  up  a  current  in  the  circuit  in  the  opposite 
direction  to  that  which  was  driving  it.  The  faster  it  rotated 
the  greater  was  the  counter  electromotive-force  (or  "eleciio- 
motive-torce  of  reaction  ")  which  was  developed.  In  fact 
the  theory  of  tlie  consei-vation  of  energy  requires  '  that  such 
a  reaction  should  exist.  Joule,^  by  further  experiment,  found 
that  the  counter  electric  action  is  proportional  to  the  velocity 
of  rotation  and  to  the  magnetism  of  the  magnets. 

Two  points  are  vital  to  the  right  understanding  of  the 
action  of  electric  motora  :  (1)  The  propelling  drag ;  (2)  the 
counter  electromotive-force.  The  fii"st  is  that  the  real  driving- 
force  which  propels  therevolvingarmature  is  the  drag  which 
the  magnetic  field  exerts  upon  the  armature  wires  through 
which  the  current  is  flowing,  or,  in  the  case  of  deeply-toothed 
armatures,  on  the  protruding  teeth :  the  second  b  that  the 
revolving  armature  generates  a  counter  electromotive-force  as 
its  moving  wires  cut  the  magnetic  lines. 

The  Propelling  Drag. — In  Chapter  V.,  on  the  mechanical 
actions  in  armatures,  the  drag,  wliicli  a  magnetic  field  exerts 
on  a  conductor  carrying  a  current,  has  been  explained,  and 
calculations  about  its  magnitude  given.  In  a  generator  the 
drag  acts  in  a  direction  which  opposes  the  rotation,  and  is,  in 
fact,  a  counter-force  or  reaction  against  the  driving  force. 
In  a  motor  the  drag  is  the  driving  force,  and  produces  the 
rotation. 

The   CounUr  Electromotive-^orce. — Let  it  be  remembered 

'*  Mimoire  mtr  PappHcalion  de  V  ilictromagnUimne  au  mounement  de* 
immhinet  par  M.  H.  Jacol'i  <Pots<iani,  1635). 

*  For  a  simple  ezpUnatlon  of  the  npceselt;  of  a  coiioUr  electromotlv*- 
force,  see  the  autlior'a  Elfmentary  Lensona  in  ElectricUy  and  Magnttifm 
(ediilon  of  18(t5,  p.  443). 

■  AnnaU  qfEteetrieity,  viil  219,  1M2,  and  Scientific  Papera,  p.  47. 
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that  wherever  in  an  electric  circuit,  current  flows  through 
some  portion  of  the  circuit  in  which  there  is  an  electromotive* 
force,  the  current  will  there  either  receive  or  give  up  energy 
according  to  whether  the  electromotive-force  acts  with  the 
current  or  again»t  it.  This  will  be  made  cleai'er  by  Fig.  824 
representing  a  circuit  in  which  there  are  a  dynamo  and  a 
motor.  Each  is  rotating  right-handedly,  and  therefore 
generates  an  electromotive-force  tending  upwards  from  the 
lower  brush  to  the  higher.  In  each  case  the  upper  brush  is 
the  positive  one.  But  in  the  dynamo,  where  energy  is  being 
supplied  to  the  circuit,  the  electromotive-force  is  in  the  same 
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Fig.  324. 

direction  as  the  current ;  whilst  in  the  motor  where  work  is 
being  done,  and  energy  is  leaving  the  circuit,  the  electro- 
motive-force is  in  a  direction  which  opposes  the  current. 
There  ought  to  be  no  difficulty  in  understanding  that  this 
electric  reaction  is  an  essential  of  motor  working. 

Consider  the  converse  case,  when  we  are  employing  me- 
chanical power  to  generate  currents  by  rotating  a  dynamo. 
Directly  we  begin  to  generate  currents,  that  is  to  say,  directly 
we  begin  to  do  electric  work^  it  immediately  requires  much 
more  power  to  turn  the  dynamo  than  is  the  case  when  no 
electric    work   is  being  done.     In  other  words,  there  is  an 
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of  a  motor  in  utilizing  the  energy  of  a  current  depends  not 
only  on  its  efficiency  in  itself,  but  on  another  consideration, 
namely  the  relation  between  the  electromotive-force  which  it 
itself  generates  when  rotating,  and  the  electromotive-force  or 
electric  pressure  at  which  the  current  is  supplied  to  it.  A 
motor  which  itself  in  running  generates  only  a  low  electro- 
motive-force cannot,  however  well  designed,  be  an  efficient  or 
economical  motor  when  supplied  with  currents  at  a  high 
electromotive  force. 


Elementary  Theory  of  Electric  Motive  Power. 

It  will  be  shown,  mathematically,  tliat  the  efficiency  with 
which  a  perfect  motor  utilizes  the  electric  energy  of  the 
current,  depends  upon  the  ratio  between  the  counter  electro- 
motive-force developed  in  the  armature  of  the  motor  and  the 
electromotive-force  of  the  current  which  is  supplied  by  the 
battery.    No  motor  ever  succeeded  in  turning  into  useful  work 
the  whole  of  the  energy  that  is  supplied,  for  it  is  impossible  to 
construct  machines  devoid  of  resistance ;  and  whenever  resist- 
ance is  offered  to  a  current,  pait  of  the  energy  of  the  current 
is  wasted  in  heating  the  wires  that  offer  the  resistance.     Let 
the  symbol  W  stand  for  the  electric  power  supplied  by  the 
Diains  to  an  electric  motor,  and  let  tv  stand  for  that  pai-t  which 
the  motor  takes  up  as  useful  power  from  the  circuit.^     These 
Symbols   may  stand  for  the  numbers  of  watts  respectively 
Supplied  and  utilized.     All  that  part  of  the  energy  of  the 
ourrent  which  is  not  utilized  by  the  motor,  and  transfonned 
into  useful  work,  will  be  wasted  in  useless  heating  of  the 
iXresistances.     The  watts  lost  in  heating  will  therefore  be  equal 
t;o  W  —  w. 

1  The  symbol  to  must  be  clearly  imderstood  to  refer  to  the  power  taken  up 
tDy  the  motor  08  measured  electrically.  The  whole  of  this  power  will  not 
Appear  as  useful  mechanical  effect  however,  for  part  will  be  lost  by  mechanical 
friction,  and  a  minute  percentage  also  in  the  wasteful  production  of  eddy 
^^urrents  in  the  moving  parts  of  the  motor.  Wliat  proportion  of  to  appears 
«I8  uBeful  mechanical  power  depends  on  the  efficiency  of  the  motor  p^r  se, 
^^hich  we  are  not  here  considering.  In  all  that  immediately  follows  we  shall 
suppose  such  causes  of  loss  not  to  exist,  or  the  motor  will  be  considered  as 
^  perfect  motor. 


1 
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But  if  we  want  to  work  our  motor  under  the  conditions  ot 
greatest  economy,  it  is  clear  that  we  must  have  aa  little  heat- 
waste  as  possible  ;  or,  in  symbols,  w  must  be  as  nearly  as 
possible  equal  to  W.  It  will  be  shown  mathematically  that 
the  ratio  between  the  useful  energy  thus  appropiiated  and 
the  total  energy  spent,  is  equal  to  the  ratio  Ijetween  the 
counter  electromotive-force  of  the  motor  and  the  electromotive- 
force  of  supply.  (As  it  is  not  wished  here  to  complicate 
general  considerations  by  introducing  into  the  expression  for 
tlie  efficiency  the  energy  wasted  in  heat  in  the  field-magnet 
coils  of  the  motor,  we  here  assume  that  the  magnetism  of  the 
field-magnets  is  independently  excited.)  The  proof  will  be 
given  later.  Let  us  denote  this  whole  electromotive-force 
with  which  the  mains  supply  the  motor  (i.  e.  the  volta 
measured  aci-oss  the  terminals  of  the  motor)  by  the  symbols, 
and  let  us  call  the  internal  counter  electromotive-force  E. 
Then  the  rule  is 

w  _y. 

But  we  may  go  one  stage  further.  If  the  motor  be  prevented 
from  turning,  the  current,  aa  calculated  by  Ohm's  law  would 
be 

If  th«  rei*^stances  of  the  eii-cuit  are  constant,  the  current  C, 
observed  when  the  motor  is  running,  will  be  less  than  C,. 

■where  R  is  the  total  resistance  of  the  circuit.     Hence 

a— c_E  _  M^ 

From  which  it  appears  that  we  can  calculate  the  efficiency  ftt 
"which  the  motor  is  working,  by  observing  llie  ratio  between 
the  fall  in  the  strength  of  the  current  and  the  original  strength. 
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Though  this  mathematical  law  of  efficiency  had  been  known 
for  forty  years  it  was  for  long  ignored  or  misunderstood. 
Another  law,  discovered  by  Jacobi,  not  a  law  of  efficiency  at 
all,  but  a. law  of  maximum  work  in  a  given  time,  was  given 
instead.  A  machine  does  not  generally  do  its  work  with  the 
best  economy  when  it  performs  the  greatest  work  in  the 
least  possible  time;  and  the  maximum  economy  or  efficiency 
of  an  electric  motor  is  not  when  its  output  is  at  a  maximum. 

Jacobi*s  law  concerning  the  maximum  power  of  an  electric 
motor  supplied  with  currents  from  a  source  of  given  electix>- 
motive-force  is  the  following: — The  output  of  power  by  a 
motor  is  a  maximum  when  the  motor  is  geared  to  run  at  such 
a  speed  that  the  current  is  reduced  to  half  the  strength  that  it 
would  have  if  the  motor  was  stopped.  This,  of  course,  implies 
that  the  counter  electromotive-force  of  the  motor  is  equal  to 
half  the  electromotive-force  of  supply.  Now,  under  these 
eircumstances,  only  half  the  energy  furnished  by  the  external 
source  is  utilized,  the  other  half  being  wasted  in  heating 
the  circuit.  If  Jacobi's  law  was  indeed  the  law  of  efficiency, 
no  motor,  however  perfect  in  itself,  could  convert  more  than 
60  per  cent,  of  the  electric  energy  supplied  to  it  into  actual 
work. 

Dr.  Siemens,  who  firat  made  us  realize  the  true  physical 

signification  of  the  mathematical  expressions  which,  until  then, 

had  been  regarded  as  mere  abstractions,  showed,  some  years 

ago,  that  a  dynamo  can  be,  in  practice,  so  used  as  to  give  out 

more  than  60  per  cent,  of  the  energy  of  the  current.     In  fact, 

if  the  motor  be  arranged  so  as  to  do  its  work  at  less  than  the 

maximum  rate,  by  being  geared  so  as  to  do  much  less  work 

per  revolution,  but  yet  so  as  to  run  at  a  higher  speed,  it  will 

be  more  efficient ;   that  is  to  say,  though  it  does  less  work, 

there  will  also  be  still  less  electric  energy  expended,  and  the 

ratio  of  the  useful  work  done  to  the  energy  expended  will  be 

nearer  unity  than  before.     Or,  instead  of  gearing  it  up  to  run 

fast,  we  may  gain  the  same  advantage  by  strengthening  its 

field-magnets. 

The  true  law  of  efficiency  was  clearly  stated  by  Lord  Kelvin  in 
1851,  and  is  recognized  in  a  pai)er  by  Joule  at  about  the  same  date. 


} 
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Jacobi  seeniB  very  clearly  to  have  underatood  that  his  law  was  a 
law  of  maximum  working,  but  not  to  have  understood  that  it  was 
Dot  a  law  of  true  ecanomical  e^Bciency.  Jacobi'g  law  is  not  a  law 
of  maximum  efficiency,  but  a  law  of  maximum  output;  and  that  is 
where  the  error  creeps  in.  It  is  significant,  in  suggesting  the  causa 
of  this  remarkable  conflict  of  ideas,  that  throughout  the  memoir 
which  he  published  in  1652,  Jacobi  speaks  of  xvork  as  being  the 
product  ot  force  and  velocity,  not  of  force  and  displacement.  The 
same  mistake  is  common  enough  among  continental  writers.  Now 
the  product  of  force  and  velocity  is  not  work,  but  work  divided  by 
time,  that  is  to  say,  "power,"or"  rate  of  working,"  or  "activity." 
This  may  account  for  the  widely-spread  fallacy.  In  a  paper  by 
Achard  in  the  Anvales  des  Mines  in  January  1879,  a  clear  distinc- 
tionis  drawn  between  the  maximum  activity  and  the  efficiency  of  a 
motor,  and  he  points  out  how  asthelatter  increases  to  a  maximum, 
the  former  falls  to  zero.  In  April,  Sir  C.  W.  Siemens  and  Lord 
Kelvin  gave  evidence  on  electric  transmission  bef<H«  a  Parli^ 
mentary  Committee,  the  latter  showing  that  it  was  possible  to 
transmit  21,000  H.P.  through  acopper  wire  i-inch  in  diameter,  to 
SCO  miles,  provided  a  potential  of  BO, 000  volts  was  used.  Later 
in  the  same  year  Professors  Ulihu  Thomson  and  Houston,  basing 
their  remarks  upon  the  suggestions  of  Kelvin  and  Siemens,  pro- 
posed to  obtain  economic  results  by  connecting  in  series  several 
dynamosatoneendofatine,  and  several  motors  at  the  other,  so  as 
to  work  with  small  currents  and  high  electromotive-forces.  The 
advantage  of  high  voltage  in  both  dynamo  and  motor  at  the  two 
ends  of  the  line  was  never  betterormorecleariy  put  than  by  Prof. 
W.  E.  Ayrton,  in  his  lecture  on  "  Electric  Transmission  of  Power," 
before  the  British  Association,  in  Sheffield  in  August  1879.  These 
high  voltages  he  proposed  to  obtain  not  by  increasing  the  magnet- 
ism but  by  increasing  the  speed ,  and  by  separate  excitation  of  both 
dynamo  and  motor.  The  gain  in  economy  by  allowing  the  motor 
to  run  at  a  high  speed  with  efficiency  increasing  as  its  speed  in- 
creases, was  also  pointed  out  by  Dr.  Werner  von  Siemens  in  his 
address  to  the  Naturforecher  meeting  in  September  1879  (see 
Werner  von  Siemens'  Wiasenschafi lichen  wnd  Technischen  Ar- 
beiten,  ii.  374). 

Tkeortf  of  Motors. — If  g  be  the  electromotive-force  of  tbe 
mains  supplying  the  current  to  the  motor  when  the  motor  is 
at  rest,  and  C  be  the  current  which  flows  at  any  time,  the 
whole   electric   jxiwer   W   expended   in   unit  time  will    bi 


ConiinuouS'Current  'Moiors. 


493 


/ 


expressed  in  watts,  as  th^  product  of  the  whole  of  thexfippliad 
volts  multiplied  by  the  whole  of  the  amperes,  or, 

(Total  watts)  W  =  8  C  =  §  ^^~^^ . 

Now,  when  the  motor  is  running,  part  of  this  eleotrio 
power  is  being  spent  in  doing  work,  and  the  remainder  is 
wasting  itself  in  heating  the  wii'esof  the  circuit.  The  ueelul 
part  may  be  similarly  written  down,  as  the  product  of  the 
armature's  own  volts  (the  counter  electromotive-force)  and 
the  amperes,  or 

(Useful  watts)  «^=iE  G  =  E  ^k=^ .        [II.] 

All  the  power  which  is  not  thus  utilized  is  waated  in 
Keating  the  resistances.    So  we  may  write^ 

Power  supplied  =  power  utilized  +  power  wasted  in  heat* 
Ixig  or, 

W  =  w^  +  watts  wasted  in  heating. 

But,  by  Joule's  law,  the  heat-waste  of  the  current  whoM 
strength  is  C  running  through  resistance  R,  is  expressed  bjr 
^he  equation 

=  C^  R  (watts). 

Substituting  this  value  above,  we  get 

W=t^  +  C2R. 

Comparing  equation  [I.]  with  equation  [II.]  we  get  the 
following : — 


or^  finally, 


w 
VV 

E(§- 
w      E 

-E\ 
-E)' 

[HI.] 


This  is,  in  fact,  the  mathematical  law  of  efficiency,  so  long 
misunderstood  until  Siemens  showed  its  practical  significance. 
We  may  appropriately  call  it  tJie  law  of  Siemens.     Here  the 
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ratio  »  is  t)ie  measure  of  the  efficiency  of  the  motor,  and 

the  equation  shows  that  we  may  make  this  efficiency  as  nearly 
equal  to  unity  as  we  please,  by  so  adjusting  either  the 
magnetism  of  the  field-magnets  or  the  speed  of  the  motor  that 
E  is  very  nearly  equal  to  %. 

Now  the  power  utilized  is  equal  to  the  difference  between 
the  total  power  supplied  and  the  part  wasted  in  heat,  or  in 
symbols, 

w  =  gC  — C^R.  [IV.] 

In  order  to  find*  what  value  of  C  will  give  us  the  maximum 
value  for  w  (which  is  the  work  done  by  the  motor  in  unit 
time'),  we  must  take  the  differential  coefficient  and  equate  it 
to  zero. 

§^  =  8-2CR_0, 
whence  we  have 

c  =  j|. 

But,  by  Ohm'a  law,  St-R  is  the  value  of  the  current  when  the 
motor  stands  still.  So  we  see  at  once  that,  to  get  maximum 
work  per  second  out  of  our  motor,  the  motor  must  run  at  such 

■  The  argument  can  be  proven,  ttiough  less  simply,  villiout  the  calculus, 
u  follows  :  write  equalioD  [IV.]  in  llie  following  form  : 

C'R  — gC  +  w  =  0. 
Solving  tills  aa  an  ordinary  quadratic  equation,  In  nliich  C  is  the  unknown 
quantity,  we  have 


To  flnil  from  tills  what  value  of  C  correspond';  to  the  greatest  value  of  to,  tt 
may  be  remembered  that  a  neRalive  quantity  cannot  have  a  square  root,  and 
that  therefore  the  greatest  value  that  le  can  possibly  have  will  occur  when 

4  B  le  =  g', 
for  then  the  term  under  the  root  sign  will  vanish.     When  this  condition  !■ 
observed  It  will  follow  that 

c.A, 

2R 
or  the  current  will  be  reduced  to  halt  Its  original  value. 
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%  ^Mod  as  to  bring  down  the  current  to  half  the  value  which 
it  would  have  if  the  motor  were  at  rest.  In  foot,  we  hert 
proTe  the  law  of  Jacobi  for  the  maximum  rate  of  doing  work. 
But  here,  since 


6  — E 
R 


1* 


it  follows  that 


or 


S— E«}ft, 


whence  it  follows  also  that 


W 


=  i. 


That  b  to  say,  the  efficiency  is  but  50  per  cent,  when  thft 
motor  does  its  work  at  the  maximum  rate.^ 


1  It  may  be  worth  while  to  recall  a  precisely  parallel  case  that  occurs  fai 
calculating  the  currents  from  a  voltaic  battery.  Everyone  is  familiar  with 
the  rule  for  grouping  a  battery  which  consists  of  a  given  number  of  cells, 
that  they  will  yield  a  maximum  current  through  a  given  external  resistance 
when  so  grouped  that  the  internal  resistance  of  the  battery  shall,  as  nearly 
as  possible,  equal  the  external  resistance.  But  this  rule,  which  is  true  for 
maximum  current  (and,  therefore,  for  maximum  rate  of  using  up  the  zinc 
of  one's  battery),  is  not  the  case  of  greatest  economy.  For  if  external  and 
internal  resistance  are  equal,  half  the  energy  of  the  current  will  be  wasted 
in  the  heat  of  the  cells,  and  half  only  will  be  available  in  the  external  cip» 
cnit.  If  we  want  to  get  the  greatest  economy,  we  should  group  our  cells  so 
as  to  have  an  internal  resistance  much  less  than  the  external.  We  shall  not 
get  so  strong  a  current,  it  is  true  ;  and  we  shall  use  up  our  zincs  more 
slowly  ;  but  a  far  greater  proportion  of  the  energy  will  be  expended  usefully, 
and  a  far  less  proportion  will  be  wasted  in  heating  the  battery  cells.  The 
maximum  economy  will  of  course  be  got  by  making  the  external  resistance 
infinitely  great  as  compared  with  the  internal  resistance.  Then  all  the 
energy  of  the  current  will  be  utilized  In  the  external  circuit,  and  none 
wasted  in  th#  battery.  But  it  would  take  an  infinitely  long  time  to  get 
through  a  finite  amount  of  work  in  this  extreme  case.  The  same  kind  of 
reasoning  is  strictly  applicable  to  dynamos  used  as  generators,  the  resist- 
ance of  the  rotating  part  of  the  circuit  being  the  counterpart  of  the  internal 
resistance  of  the  battery  cells.  For  good  economy,  the  resistance  of  the 
armature  should  be  very  low  as  compared  with  that  of  the  external  circuit. 


■i 
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>  ObaPHIO  RePBEBBNTATION  «P  LAiWS  OF'MOTeBS. 

Several  graphic  constructions  have  been  suggested  to  cim- 
Tey  these  facts  to  the  eye ;  one  of  these  enables  us,  in  one 
diagram,  to  exhibit  graphieally  both'  the  law  of  maximum 
rate  of  working,  and  the  law  of  efficiency .^ 

Let  the  vertical  line,  A  B  (Fig.  325),  representtheelectro- 
motive-force  ©  of  the  electric  supply.  On  A  B  constract  a 
square  A  B  C  D,  of  which  let  the  diagonal  B  D  be  drawn. 
Now  measure  out  from  the  point  B,  along  the  line  B  A,  the 
counter  electromotive-foice  E  of  the  motor.  The  length  of  this 
quantity  will  increase  as  the  velocity  of  the  motor  increases. 
Let  B  attain  the  value  B  F.  Let  us  inquire  what  the  aotoal 
current  will  be,  and  what  the  enei^  of 
it ;  also  'what  the  work  done  by  the 
motor  is.  First  complete  the  construc- 
tion aa  follows: — ^'Tlirough  F  draw 
F  G  H,  pai-allel  to  B  C,  and  through  G 
di-aw  K  G  L,  parallel  to  A  B.  Then  the 
actual  electromotive-force  at  work  .  in 
the  machine  producing  la  current  is 
Fio  S26.  S  — E,  which   may   be    represented    by 

any  of  the  lines  A  P,  K  G,  G  H,  or  L  C. 
Kow  the  electxio  energy  expended  per  second  is  g-  C  ; .  aud 

ay  be  written  ns 

KS— |E). 


i : 

Z 


II 

and  tha  aleotaio  energy  utilized  by  the  motor,  mMsored  in 
waUs,  is 

■E(&  — E) 

,Ji 

'Rbeiqga  constant,  the  values  of  the  two  are  pTppojrttonal 
-to 

g(g_E)and"E(g  — E) 
fiB»piqKrb7  UieAutiwrin  tha  PhUoKophlcal  Magatiiu,  Feb.  IBSSi 


/ 
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Isfav  tbeareft  of  tlie  rectangle 

AFHD^S(S— E), 
«».3id  that  d£  the  rectangle 

GLCH=E  (S— E). 

'^Hie  ratio  oftkete  tu-oareas  on  thediagrami»thefffi<xiencyofa 
^aerftct  THOtor,  under  the  condition  of  a  given  constant  electro- 
'^motive-force  in  the  electric  supply. 

Tnru  to  fig.  326,  in  wliicli  tliese  areas  are  sliaded.     Tlus 
'Sngurg  repres^its  a  case  where  tlie  motor  is  toolteavily  loaded, 
^Euicl  can  torn  only  very  slowly,  bo  tliat  tiie  counter  electro* 
»iiotive-force  E  is  veiy  small  coin- 
"^lared  with  ©.     Here  the  area  which 
:x%presents  tiie  energy  expendeil.  is 
"^ery  lu^e ;  while  that  which  repre- 
^    '^seiits   uaeful  ■M'wk  realized  in  the  ■" 
anotor  is  TOrysraaU.     Tlie  efficiency 
Tis  obTionsly  very  low.     Two-thirds 

or   more   of   tlie   energy   is    being  * 

^pasted  in  lieat. 

So   far   we   have   assumed    that 
-the  efficiency  of  a  iraotor  (working  Ra.  336. 

"with    a    given    constant    external 
-   «lectro motive-force)  is  to  be  measured  «lectrically.     But  no 
"  motor  aetually  converts  into  useful   mechanical  effect  the 
~-  whole  of  the  electrical  ■energywhicli  it  absorbs,  since  part 

-  of   the  «nergy  -is  wasted   in   friction  and  pnrt  in  wasteful 

-  electrofmagnetic  reactions  between  the  statiouat}-  and  moving 
-parts  of  the  motor.  What  we  are  expressing  thus  <is  aseful 
-■work  is  the  work  actually  delivered  to  tlie  armature  to 
"  drive  it.     It   is  a   mere   matter  of   good   engineering  bow 

small  a  percentage  of  this  must  !»  discouRted  for  friction 
in  tiie  bearings,  eddy-currents,  hysteresis  and  .the  like.  If, 
however,  we  might  consider  the  motor  to  be  a  perfect  engine 
(devoid  of  friction,  not  producing  wasteful  eddy  currents, 
running  without  sound,  giving  no  sparks  at  the  collecting- 
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brushes,  etc.),  then  we  might  tuke  the  mechauical  output 
«8  being  precisely  equal  to  the  actual  power  delivered  elec- 
trically to  the  armature.  Such  a  "perfect"  electric  engine 
would,  like  the  ideal  "  perfect "  heat  engine  of  Carnot,  be 
perfectly  reveisible.  In  Carnot's  lieat  engine  it  is  supposed 
that  the  whole  of  the  heat  actually  absorbed  in  the  cycle  of 
operations  is  converted  into  useful  work  ;  and  in  this  case  the 
efficiency  is  the  ratio  of  the  heat  absorbed  to  the  total  heat 
expended.  As  is  well  known,  this  efficiency  of  the  perfect 
heat  engine  can  be  expressed  as  a  function  of  two  absolute 
temperatures,  namely  those  respectively  of  the  heater  and  of 
the  refrigerator  of  the  engine.  Carnot's  engine  is  also  ideally 
reversible  ;  that  is  to  say,  capable  of  reconverting  mechanical 
work  into  heat. 

The  mathematical  law  of  efficiency  of  a  perfect  electric 
engine  illustrated  in  the  above  construction  is  an  equally  ideal 
case;  and  the  efficiency  can  also  be  expressed,  when  the 
constants  of  the  case  are  given,  aa  a  function  of  two  electro- 
motive-forces. 

Law  of  Maximum  Activity  (Jacobi).  Let  us  next  con- 
sider the  ai-ea  GLCHof  the  diagram  (Fig.  325)  which 
represents  the  work  utilized  in  the  motor.  The  value  of  this 
area  will  vary  with  the  position  of  the  point  G,  and  will  be 
a  maximum  when  G  is  midway  between  B  and  D  ;  for  of  all 
rectangles  that  can  be  inscribed  in  the  triangle  BCD,  the 
square  will  have  maximum  area  (Fig.  327).  liut  if  G  is 
midway  between  B  and  D,  the  rectingle  G  L  C  H  will  be 
exactly  half  the  area  of  the  rectangle  AFHD;  or,  the 
useful  work  is  equal  to  lialf  the  energy  expended.  When 
this  is  the  case,  the  counter  electromotive-force  reduces  the 
current  to  half  the  strength  it  would  have  if  the  motor  were  at 
rest;  which  is  Jacobi's  law  of  the  efficiency  of  a  motor  doing 
work  at  its  greatest  possible  rate.  Also  F  will  be  half-way 
between  B  and  A,  which  signifies  that  E  ^  i  S. 

Xtitf  of  Maximum  Effictenct/. — Again,  consider  these  two 
rectangles  when  the  point  G  moves  indefinitely  near  to  D 
(Fig.  328).  We  know  from  common  geometry  that  tha 
rectangle  G  L  C  H  is  equal  to  the  rectangle  A  F  G  K.     The 
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area  (square)  K  G  H  D,  which  is  the  excess  of  A  F  H  D  over 

A  P  G  K,  represent  therefore  the  electric  energy  which  is 

Wasted  in  heating  the  resistances  of  the  motor.     That  the 

efficiency  should  be  a  maximuM  the  heat-waste  muHt  be  a 

minimum.     In  Fig.  325  this  corner  square,  which  stands  for 

(he  heat-waste,  was  eiioimous.     In  Fig.  327  it  was  exactly  half 

the  energy.     In  Fig.  328  it  is  less  tlian  one  quaiter.     Clearly 

we  may  make  the  heat^waste  as  small  as  we  please,  if  only  we 

^ill  take  the  point  F  very  near  to  A.    Tlie  efficiency  will  be 

a    maximum  when  the  heat-waste  is  a  minimum.     The  ratio 

of  the  areas  G  L  C  H  and  A  F  H  D,  which  represents  tha 

efficiency,  can  therefore  only  become  equal  to  unity  when  the 

a<juare   K  G  H  D  becomes  iudednitely  small — that  is.  wbeD 


'^Is.  837.— Geometric  Illustra-  Fio.  838.— Geometric  Illustiu- 

TiosoF  Jacobi'sLawofMaxi-  tion   op  the  Law  of  Maxi- 

wm  AcTirmr.  mum  Efficiency. 

the  motor  runs  so  fast  that.ita  counter  electromotive-force  B 
differs  fmm  %  by  an  indefinitely  small  quauUty  only. 

It  is  also  clear  that  if  our  diagi-am  is  to  be  drawn  to  repre- 
^jent  any  given  efficiency  (for  example,  an  efiicieucy  of  90  per 
^icnt.),  then  the  point  G  must  be  taken  so  that  area  G  L  C  H 
=  -^  area  A  P 11  D ;  or,  G  must  be  ^  of  the  whole  dJKtance 
wlong  from  B  towards  D.  Tliis  involves  that  E  shall  be  equal 
ta  ^  of  S,  or  that  the  motor  shall  run  so  fiist  as  to  reduce 
"the  current  to  -j^j  of  what  it  would  be  if  the  motor  were 
standing  still.  Thus  we  verify  geometrically,  the  law  of 
Maximum  efficiency.  If  tliere  is  leakage  in  the  line,  then 
■*hi8  law  will  require  modification,*  forthe  higherthe  countei 

'  See  Eapp'i  Electric  Transmission  of  Energy,  4th  edition,  p.  185. 
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eleotroinotiv&ioFce    of  thfr  motor,  tha  higber>  \rill  be  tli^ 
potential-of  the  line  and  the  greater  the  loss  by  le^iige. 

It  is  now  eTident  what  we  have  to  do  to  obtain  any  desired 
percentage  of  e0icieticy.  Suppose  current  ia  Bupplied  at  101^ 
Ttrhs  ab  the  mains:  then  to  utilize  90  per  cent.  W9  must- 
enployaa  motor  a  dynamo  which,  when  running  at  its  proper" 
speed  and  output,  generates  an  electromotifie-force  of  9^ 
volts. 

We  maj  now  extend  the  graphic,  method  to  aiurther-casei 
Suppose  that  g  is  no.  longer  taken  as  a  constant,  but. that  th*.- 

work  to  be  done  by  the  motor  per  second  is  a  constant.    For  thiei 

case  we  may  write  equation  [ir.],  p.  496,  as 

E  (S  -  E)  =  w  R. 


This  equati<»i  is  graphically  represented  by  the  curve  P  H  Q 
(Fig.  339),  in  wbicb  the  values  of  g  are  plotted ^sahscisaee  and 
those  of  £  as  ordinates.  From  this  curve  it  is  at  once  seen  tlmt 
there  will  be  a  certain  mim- 
mum  value  of  %  which  will 
Buffice  to  give  to  the  motor 
the  prescribed  amount  oE 
energy  per  second.  The 
curve  is  sodrawn  that  it  passes 
through  the  comer  H  of  all 
the  areas  equal  to  G  L  C  H 
drawntofitunderthed  iagonal 
of  the  square.  Of  these  areas 
which  represent  equal  work 
done  by  the  motor,  the  one 
which  haa-mioimitnt  valueof 
g  is  the  square  which  fits  to 
the  apex  of  the  curve  and 
corresponds  to  the  case  where 
g  =  3  E.  This  result,  which 
was  first  pointed  out  by  Prof.  Oarhart, '  is  the  converse  of  JacobfB 
law,  and,  like  it,  involves  an  efficiency  of  only  60  percent.  A 
much  higher  efficiency  is  obtained  when  g  and  E  are  both  g 
as  indicated  by  the  flqaaredrawn  through  the  point  K. 

Mffi»rte<m  tTvunnil  t^  Setmee,  xxxl.  90, 1B86. 
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Speed  and  Torqueop  Motoiuel 

C7ertain  very  important    relations  subsist   between    the 

dition  of  the  electric  supply  and  the  speed  and  tuming- 

:ment  of  a  motor. 

n  Chapter  V.,  on  Mechanical  Actions  and  Reactions,  it 

set  forth  that  the  power  ti*ansmitted  along  a  shaft  is  the 

duct  of  two  factors,  the  speed  and  the  torque  (or  turning- 

cment).     If  «»  stands  for  the  angular  velocity  and  T  for  the 

ue,^  then 

a>  T  =  mechanical  work  per  second,  or  power.. 

"U'his  may  be  expressed  in  watts  by  use  of  the  proper  co- 
cient. 

ow  if  E  is  the  electromotive-force  generated  by  the  anna* 
,  and  C  the  current  through  it,  the  electric  energy  per 

^^ond  in  the  armature  is  the  product— 

E  C  =  equal  electric  work  per  second  (in  watts  ^. 

If  the  whole  of  these  four  quantities,  »,  T,  E  and  C,  are 
"^^^^TnaturequantitieSfStrictlyjWe  may  equate  the  electrical  and 
^chanic^  expressions  together ;  and  the  equation  will  be 


^  If  n  b»the  number  of  revolutions  per  secoHd,  then  2  rr  n  =»  «.    Aho  if 

l>e  the  transmitted  puU  on  tlie  belt  (or  rather  the  difference  between  the 

^^^1  in  that  part  of  the  belt  whleh  is  approaching  the  driving  pulley  and  the 

^Xill  in  that  part  which  is  receding  from  the  driving  pulley)  in  pounds  weight, 

U^Xid  r  be  the  radius  of  the  pulley,  F  r  =  the  turning-moment  or  torque  ■■ 

-^^^    then  «T  =  27rnrF  =  the  number  of  foot-pounds  per  second  trans- 

^^itted  by  the  belt.    This  may  also  be  proved  as  follows  :  Horse-power  is 

t^^wluct  of  the  force  into  the  velocity.     The  circumference  of  the  pulley  is 

^  TT  r,  and  it  turns  n  times  per  second,  therefore  the  circumferential  velocity 

^  2  «"  rn,  and  this,  multiplied  by  F,  gives  the  work  per  second.    If  F  is  cx- 

'l^ressed  in  grammes  weight,  and  r  in  centimetres,  then  2  t  rn  F  will  give 

"^lie  power  in  gramme-centimetres,  and  must  be  divided  by  7*6  XlO^  to  bring 

^^  to  horse-power,  and  mast  be  multiplied  by  981  X  10-7  to  bring  it  to  watts. 

Xf  Cii  is  hiTa^ans  per  second  and  T  in  dyne-centimetres,  then  the  prodtid 

'^^ll  beei|p  per  second,  andean  ht  brought  to  watts  by  dividing  by  10^. 

s  Shioe  1  Tolt  i»  10^  C.G.S.  units  of  electromotive-force,  and  1  ampera  «• 
^-^  C.6.S.  units  of  current,  1  watt  (or  volt-ampere)  will  be  =>  10^  C.G.S. 
limits  of  work  per  second  »  l(f  eigs  per  second  «  1<F  -7-  981  gramme-centft- 

letres  per  second. 
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true  for  either  a  motor  or  a  generator  In  the  generator,  E 
and  C  are  in  the  same  direction  and  T  opposes  u  ;  or  there  ia 
a  counter- torque.  In  the  motor,  T  and  w  are  in  the  same 
dii-ection,  but  E  opposes  C ;  or  there  is  a  counter  electro- 
niotive-force. 

In  treating  of  the  dynamo  as  a  generator,  it  was  assumed 
that  the  mechanical  power  could  be  supplied  under  one  of  the 
two  standard  conditions,  on  the  one  hand  of  constant  speed 
(and  torque  varying  with  the  electrieul  output),  or  else  on  iha 
other  of  constant  torque  (and  speed  varying  with  the  output). 
One  of  these  two  nieclianiciil  conditions  being  piescribed, 
algebraic  expi-essions  had  then  to  be  found  for  the  two  cor- 
responding factors  of  the  electric  output,  namely,  tiie  electro- 
motive-force and  the  current,  under  vaiying  conditions  of 
resistance  in  the  circuit.  Also  we  investigated  these  condi- 
tions which  would  result  in  making  one  or  the  other  factor 
of  the  electric  output  constant.  It  was  found  convenient  to 
Btudy  the  relation  between  tlie  two  faetoi-a  of  output  by  the 
nid  of  the  curves  known  as  characteristics. 

Similarly,  in  treating  the  dynamo  as  a  motor,  it  will  be 
ussuraed  that  such  arrangements  of  electric  supply  can  be 
made  that  the  electric  power  can  be  furnished  under  one  o( 
the  two  standard  conditions,  on  the  one  hand  of  connfant 
potential  (and  current  varyingwith  the  mechanical  outputof 
the  motor),  or  on  the  other  of  constant  current  (and  potential 
varying  with  the  mechanical  output).  One  of  these  twocon- 
ditions  being  prescribed,  we  shall  then  have  to  find  algebraic 
expressions  for  the  two  corresponding  tactoi-s  of  the  mechani- 
cal output,  namely,  the  speed  and  tlie  torque,  under  vaiying 
conditions  of  load  on  the  shaft.  Also,  we  shall  investigate 
what  are  the  conditions  which  will  result  in  making  one  or 
other  faetorof  the  mechanical outputconstaiit:  in  other  words, 
we  shall  ascertain  what  aic  the  conditions  of  self-regulation  to 
make  the  motor  run  at  constant  speed  or  with  constant  torque. 
Lastly,  it  will  be  found  convenient  to  study  the  relation 
between  speed  and  torque  by  the  aid  of  cui-ves,  which*  hj 
■nalogy  we  may  call  mechanical  characteriatica. 


ContitiMous-Current  Motors. 


503 


\ 


General  Expressions  for  Torque  and  Speed. 

T^^'he  work  imparted  per  second  to  the  shaft  of  the  motoi 

be  expressed  either  in  electrical  or  mechanical  measure. 

/ii     tlie  former  case  it  is  the  product  of  the  motor's  electro- 

'^  »  oti  ve-force  (i.  e.  the  counter  electromotive-force  opposingthe 

^^^citx-omotive-force  of  supply)  into  the  current  flowing  in  the 

^^'^■^a.t^ure ;  in  the  latter  case  it  is  the  product  of  angular  speed 

^*^t:o    t,orque.     So  we  may  write 

t^  =  E  Q>^x=^M  T  =  2  rnT; 

\^iiverage)  E  =  n  Z  N  exactly  as  in  a  dynamo  that  \k 
used  as  a  generator  (see  p.  173).     Hence 


xra 


*ricl 


27rnT  =  nZNCa, 
2:rT  =  ZNC.; 

Oiially  the  avei'age  value  of  the  torque  will  be 


T=C, 


ZN 

2- 


w- 


Of 


1- 


this  it  appeal's  that  if  W  is  constant,  the  torque  is  simplj 
ortional  to  the  current  in  the  armature. 

develop  this  expression  further,  we  must  remember 

Ca  can  be  calculated  in  terms  of  the  electromotive-force 

pply  S)  as  measured  at  the  terminals  of  the  machine,  and 

ntemal  resistance  of  the  circuit  through  the  armature 

which  we  call  r ;  and  then 


a  = 


§  — E 


»tfc 


ce  it  follows  that 

rp z  N    © — ^  z  w 

2T  "  r 


.     .     .     \?.'\ 


is 


this  it  follows  that  when  the  speed  becomes  so  great 
n  Z  ^  =  S,  there  will  be  no  torque.     In  fact,  when  there 

resisting  force  on  the  shaft  the  motor  runs  empty  at  its 
est  speed,  namely,  such  as  will  make  the  counter  electro- 
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motive-force  as  nearly  as  possible  equal  to  the  electromotive- 
force  of  supply.  The  maximum  value  of  T,  supposing  W 
constant,  is  obviously  wheii  n  =  0. 

An  expression  for  the  speed  can  be  obtained  from  the 
preceding : 

S       2-Tr  r  1 

"  =  ZN-z^ W- 

In  equMlon  [a]  Twill  be  expressed  in  ilyne-ceuljmelres  jf  CaiainalMolule 
C.G.S.  units  of  current;  if  On  is  given  in  B[iipere<,  tlien  the  valuta  nuiat  be 
divided  by  10  it  T  is  to  be  obtained  in  dyne-eeiitiinetreB,  or  by  9810  if  it  is  to 
be  obtained  in  gramme-centimetres,  or  by  IJ-JtSX  'C  if  ibe  torque  is  to  be 
ezpreeaed  in  poiuHl-feet  (i.r.  so  many  pouitds  uelgbt  acting  at  a  raJLui  of 
one  fool) . 

In  equation  [>],  in  order  Ibal  11  may  be  eicpreased  in  revolutions  per  secoad, 
the  vBliie  of  g,  if  given  in  volis,  must  be  multipliad  by  Hi';  Ihat  of  r.  It  In 
ohniiJ,  by  I0».  whilst  T  must  I*  nsduced  to  dyne-centimetres.  If  T  is  given 
In  pound-feet,  its  vulue  must  bo  multiplied  by  1*356  X  10'. 

Examples:— (1)  In  oi)»  of  Brown'e  4-pole  machines  u<>ecl  aa 
motor,  Z  =  3e8;  C„=2r5;  giving  250  H.P.  at  500  revs,  per 
minute.  Calculate  the  number  of  magnetic  lines  that  must  go 
through  the  armatm'e.  (2)  A  2-poie  motor  is  required  to  supply 
4  H.P.  in  anarc-light  circuit  in  which  the  current  is  kept  at  10  am- 
peres: How  many  volte  must  it  generate  ?  Assume  N  —  2.000,000, 
and  that  the  speed  ie  15  re^B.  per  socoikL,  how  many  armature 
conductors  must  it  have  ? 

The  three  equations  [«],  \p'\  aniil  {r]  »re  tme.  not  ojily  for 
motors,  but  for  generators,  the  %  "f  tlie  forraulse  being  in  the 
latter  case  i-eplaced  by  e.  'Y\\\^  will  give  negative  valnes  for 
T,  the  significance  of  the  sign  being  that  the  toique  due  to 
the  action  of  the  magnetic  field  on  the  conductors  canying 
the  armatui-e  current  i.s  such  as  to  oppose  the  driving. 

If  ris  very  small,  and  ^  relatively  veiy  laige,  the  second 
tenn  may  be  neglected,  and  tlie  speed  will  then  depend  on 
the  first  term  only.  It  will  l>e  the  smaller  as  N  i^  greater: 
this  being  the  simple  convei-se  of  the  corresponding  fact  that 
the  more  powerful  the  magnetic  field  the  less  need  be  the 
speed  of  the  dynamo  to  give  the  desired  output.  We  may 
also  notice  that  if  N  is  constant,  the  sjieed  i,i  propoilional 
to  @ :  it  will  be  constant  if  the  condition  of  supply  is  that  o< 
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^s^iastiaat  potentiaU  but  will  be  yaxiable  if  S  Yarieg,     If  the 

tor  is  tx^  do  its-  work  at  a  alow  speed,  Z  should  be  great  as 
II  as  N. 

'We  tmist  next  inqiiii^  bow  n  and  T  are  affected  by  the 

<3  t  that  the  value  of  N  depenxls  vpoa  the  confitmctioa  and 

incUiig  of  the  field-magnet  of  the  motor,  and  kjr  the  condi- 

of  supplj.     We  shall  consider  tW  UAlammg  kinds  oi 

tiine : — 

A.  Magneto  Motor  and  Separatelj/'^xaUed  Mmtor. 

B.  Strie9-wouiid  Motor. 

C.  Shunt^vound  Motor, 

D.  Compound-wound  Motor. 

each  instance  we  shall  have  to  take  into  account  the 
itions  of  supply,  according  as  &  or  C  is  constant. 


X 


^H 


Magneto  Motor  asd  Sepaiiately-excited 

MOTOB. 

is  here  assumed  that  N  is  constant,  in  other  words,  that 
•erturbing  reactions  of  the  armature  may  be  neglected. 
«r  these  circumstances  tlie  general  formulae  already  found 
ire  small  modification.  The  only  internal  resistance  is 
of  the  armature  r^. 


ase  (i.)  :  &  constant. 


this  case  formula  [/'\ 

I  "^^^^^^  the  desired  relation, 

*^^     which    the    mechani- 

<^har  act  eristic    may    be 

Piottocl  out,  as  in  Fig.' 330. 

^   ^^^    ^^    straight  line  cutting 

*^.*i8   of  n  at  a   poijit 

«^    ^^-^^nting  to  scale    tliat 

^J^^^l    ^twhichnZN  =  g; 

slopes  downwards  at 


Fio.  330. 

Mechanical  Characteristics 

or  Maoneto  Motor. 


an 


^le   such  that   the  tangent  of  the  slope  is  equal  to 


I 
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2  JT  r  o  ^  Z'  N^»  Of"  ''*  proportional  to  the  internal  resistance. 
In  the  case  of  tlie  separately  excited  motor,  increase  iu 
the  exciting  current,  strengthening  the  field,  will  obviously 
make  the  sloping  line  more  nearly  horizontal,  as  well  us 
lowering  the  speed  as  a  whole. 

If  we  attempt  to  take  into  account  the  reactions  of  the 
anniiture/we  must  remember  that  tlie  effect  of  the  aimature 
curient  is  to  demagnetize,  if  there  is  a  backwai-d  lead,  and  to 
magnetize  if  tiiere  is  a  forward  lead.  A  backwaitl  lead,  then 
would  tend  to  make  the  sloping  line,  at  constant  S,  rise  and 
become  more  level  as  the  torque  increased,  because  it  woald 
weaken  the  magnet,  and  bo  let  the  speed  increase ;  whilst  a 
forward  lead  would  tend  to  make  it  slope  still  more. 

Case  (ii  ) :  C  conttanL 

In  this  case,  as  reference  to  formula  \a\  shows,  the  torque 
is  constant,  being  independent  of  speed  and  of  internal  resiat- 
ance.  The  mechanical  characteristic  of  the  machine  under 
these  conditions  is  a  vertical  straight  line. 


Series  Motor. 

The  fundamental  equations  are  as  before,  with  tlie  addition 
of  the  following : —  i 


but  now  we  may  with  advantage  introduce  the  approximate 
foiniula  for  the  law  of  the  electromagnet  (derived  fmm 
Fiolich's)  given  in  Chapter  VI.,  and  write,  as  on  p.  143, 
where  C  is  the  diacritical  current  and  A  =  S  C, 


Putting  this  value  of  N  i"to  the  expression  [a],  on  p.  608, 
for  the  torque,  and  writing  for  brevity  ^  N    =  T^  we  have 

2  K 
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This  relation  between  torque  and  current  is  given  graphically 
%Tv  Fig.  381.  For  values  of  C  that  are  small  as  compared  with 
C,  T  varies  nearly  as  C*;  whilst  for  large  values  of  C,  as 
mxiagnetic  saturation  advances,  T  is  nearly  proportional  to  C. 
irhe  equation  may  also  be  written  in  the  quadratic  form — 


Y 


solution  of  which  is 


C 


vw^ 


T 


1 


permissible  for  large  values  of  T  to  neglect  the  second 
"bander  the  root  sign,  since  the  Bagnetiiatioi^  grows  nearly 


Fig.  881. 


Fig.  882. 
Mechanical  Characteristiob  or 
Series  Motor. 


an  example  plot  the  following  figures  taken  from  a  test  of  a 

P.  street-car  motor,  where  the  torque  is  given  in  pound-feet, 

^^rrent  in  amperes,  and  the  speed  in  revolutions  per  minute  : 


rent 

8-5 

10 

90 

80 

40 

50 

70 

90 

94 

ue 

0 

29 

96 

188 

281 

385 

610 

868 

912 

d  : 

479 

986 

145 

118 

99 

85 

61 

89 

85 
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IKow  frooi  \m\  and  \j\   above  we  znaj  eUminate  S  f^, 
giving 


W=: 


whence, 


« 


n 


2;rT 

2xT' 

§C 



r(C  +  C'). 

2-T 

2- 

Y      ' 

8  — r 

•C 

r 

T 

2- 

Y 

4r 

ya- 

Case  (i.)  •  S  constant. 

If  §  is  constant,  then,  as  the  last  equation  shows,  for  large 
values  of  T  the  values  of  n  are  equal  to  a  certain  constant  less 
a  quantity  proportional  to  T  ;  or  the  mechanical  chai-acteristio 
at  this  point  (when  the  magnets  are  well  saturated)  is,  for  all 
large  values  of  T,  approximately  a  straight  line  as  shown  ia 
Fig.  332. 

Case  (ii.)  :  C  constant. 

Here,  clearly,  saving  for  armature  reactions,  the  magnetiza- 
tion will  be  constant ;  hence  the  torque  will  also  be  constant, 
as  in  Fig.  330.  With  a  load  exceeding  a  certain  amount,  tlie 
motor  will  not  start ;  with  a  lesser  load  it  will  i^ace  until 
friction  and  eddy-currents  make  up  the  difference. 

The  properties  of  series-wound  motoi*s  are  so  important 
that  we  may  pause  to  consider  them  a  little  more  fully.  We 
know  that  if  the  current  running  through  a  series  dynamo  be 
constant,  so  that  its  magnetism  is  constant,  the  electromotive- 
force  it  develops  is  almost  exactly  proportional  to  its  speed. 
It  therefore  follows  that  if  E  is  proportional  to  w,  T  will  be 
proportional  to  C.  This  is  abundantly  verified  in  the  case  of 
series  motors  by  experiments.  When  a  Siemens  series 
dynamo  was  arranged  to  lift  a  load  of  56  lbs.  on  a  hoist,  it 
lifted  this  load  at  the  rate  of  212  feet  per  minute,  developing  a 
counter  electromotive-force  of  108*81  volts.  The  applied 
electromotive-force  was  111  volts,  and  the  resistance  of  the 
circuit  was  0*3  ohm.  The  effective  electromotive-force  was 
therefore  2-19  volts  and  the  cun-ent  7*3  amperes.  When  the 
resistance  of  the  circuit  was  increased  to  2*2  ohms,  the  speed 
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£%  Ix    to  169  feet  per  minute,  the  counter  electromotive-force  to 

l>4-£^l;  tlie  effective  electromotive-foi-ce,  §  -  E,  was  thei'e- 

foi"t3    16-06  volts,  and  the  current  7*3  am|3eresas  before.  When 

•4-8    ohms  were  inserted,  the  speed  fell  to  141  feet  per  minute, 

And    IE  to  76  volts;  &-  E  was  35  volts,  and  the  current  7*3 

>^re3  as  before,     yfith  the  same  load^  the  mme  current^ 

li-^t^ver  the  speed. 

TI:ie  fact  that  the  torque  of  a  series  motor  depends  only 

on.    tile  current  is  of  advantage  in  the  application  of  motors  to 

iiljsiou  of  vehicles  (such  as  traniKrai-s)  which  at  starting 

i*e  for  a  few  seconds  a  power  greatly  in  excess  of  that 

tieecl^d  when  running.^ 

J 11^  tlie  series  motor,  when  supplied  at  constant  potential, 
E  13  11.  ot  proportional  to  the  speed, because  the  field-magnetism 
IS  not  constant,  but  falls  off  as  E  inci^eases,  being  (if  nnsatu* 
^tecl^  nearly  proportional  to  §-E.  It  therefore  will  not 
I'Uii  i^t  a  constant  speed.  Neither  will  it  run  at  a  constant 
speed     if  supplied  with  a  constant  current. 

ly^^^   of  two  Series  Macldnes  in  Transmission, — It  is  known 

if    two   siniiUulv-constructed    series-wound   machines 

■sed  —  one   as   generator,    the   other    fvs    motor  —  the 

rement  is  almost  perfectly  self-regulatiug,  the  speed  of 

otor  at  the  receiving  end  lacing  almost  constant  if  that 

dynamo  at  the  transmittincr  end  is  constant.     Every 

^    *  ^  *  On  to  the  load  put  upon  the   motor,  tending  to  check 

^    **r-^^ed,  causes  an  increase  of  current  to  flow,  and  so  throws 

^       i^^^^'tionate  additional  work  upon  the  generator,  which  in 

^^^kes  more  power  from  the  steam  engine  to  keep  up  its 

rp         ^*         As  we  have  shown  above,  the  torque  of  the  motor 

^^    ^^^  ll  depend,  in  the  given  machine,  on  the  current  alone, 

jj        ^^^^    the  current  will  depend  the  torque  at  the  dynamo  Tj. 

^|-^    '  1 -^^^PP  1^^  further  shown  ^  how,  if  there  is  a  resistance  in 

^1^         ^  ^  >  ^ ,  the  arrangement  may  still  be  made  self-regulating  by 

^j(^        '*^  ^  "!>  g  as  generator  and  motor  two  machines  so  wound  that 

*^^^x^ing  their  chai'acteristics  for  tlie  prescribed  speeds,  the 

^»  IJHr-^     ^''^^^marks  by  E.  Hopkinson,  Proc.  Inst.  Civil  Engineers,  xcl.  pt.  L 

Lapp's  Electrical  Transmiashm  of  Energy,  4tb  edition,  p.  199. 
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difference  in  their  eieetiomotive-forces  coiresponding  to  a 
given  value  of  ctin-ent  shall  be  equal  to  the  electromotive- 
force  requisite  to  drive  that  particulai'  current  through  the 
resistance  of  the  whole  circuit.  See  Chapter  XXVIIL,  on 
Trau  amiss  ion  of  Power. 

The  late  Si  r  C.  W.  Siemens  ^  drew  attention  in  1880  to  the 
singular  properties  of  tlie  combination  of  a  generating  dynamo 
and  an  electric  motor,  instancing  a  locomotive  motor  which, 
v/hen  descending  an  incline,  quickens  its  speed  and  actually 
becomes  a  genei-ator  o£  currents,  paying  back  the  spare  power 
into  stoi-e.  He  also  remarked  iiow  two  tmins  driven  by 
motors  runnjng  on  the  same  pair  of  electric  rails,  tend  to 
regulate  one  anotlier,  the  one  on  a  descending  portion  of  the 
road  transmitting  power  to  the  otlier,  aa  though  "connected 
by  means  of  an  invisible  rope." 


Shdnt  Motok. 
The  fundamental  conditions  are  as  follows  :— 


C.  =  C  — C.s 

and,  adoptdog  the  appropriate  form  for  the  htw  of  m^netiza- 
tion. 


From  the  first  three  of  these  we  get 


T=^  (<=-!>  j-Ji 


1  Journal  Soc.  Telgr.  Enginttrt,  iz.  301, 1860, 
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and,  transposing  nnd  writing  Y  for  Z  ^  -^  2)r, 


T     S  -t-  S      S'. 


i.r.)_^o|. 


I 
and  from  the  last  of  the  four 

loBertiag  the  value  of  C,  we  have 

Case  (i) :  S  conttant. 

The  last  equation  shows  that  a,  shunt-motor,  aupplied  at 
constant  potential,  will  have  a  speed  that  would  be  constant 
and  independent  of  the  torque  if  it  were  not  for  internal  re- 
sistance; and  further,  that  the  consequent  falling  off  as  the 
torque  increases  will  be  the  less  as  the  field-magnetism  is  the 
inora  powerful. 

As  «n  example,  a  Vktoria  shunt  motor  teste^l  by  Mr.  Mordey,  fn  which 
the  load  was  vaiieil  from  SI'S  X  10'  to  l;J57-2  X  10'  dyne- centimetres,  only 
decrensed  Its  speed  from  lfl-25  to  Ij'TS  revolutions  jwr  siM^iirl, 

It  is  instructive-to  contrast  the  self-regulating  power  of  a 
shunt  dynamo  with  the  self-governing  powerof  a  shunt  motor. 
The  former,  when  driven  at  a  constant  speed,  generates 
electric  power  at  a  nearly  constant  potential ;  the  latter,  wlien 
supplied  from  the  mains  at  a  constant  potential,  would  furnish 
mechanical  power  at  a  nearly  constant  speed;  and  in  both 
cases  the  departui-e  from  alwolute  constancy  is  proportional 
to  the  internal  resistiince  of  the  armature  coils,  and  to  the 
output  electrical  or  mechanical,  of  the  machine  for  the  time 
being. 

So  far  we  have  supposed  the  armature  to  exert  no  magnetic 
reaction.  Now,  as  we  shall  see,  to  obtain  sparkless  running 
there  must  be  a  backward  lead,  and  in  motors  a  backward  lead 
tends  to  demagnetize.  But  demagnetizing  tends,  as  we  have 
seen,  to  increase  the  speed ;  hence  in  the  case  of  constant  pres- 
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eure  supply,  when  there  is  a  gieat  loud,  tlie  very  leactioD  of 
the  great  current  will  tend  to  prevent  tlie  speed  from  falling, 
milking  the  simiit  motor  very  nearly  uelf-regu lilting.  These 
reaction»  must  now  be  considered  in  detail. 

Case  (ii.)  :  C  conxtant. 

Tlie  determination  of  this  case  ia  more  complicated,  though 
the  general  consideititions  are  simple  eiiougli.  If  the  motor 
is  standing  still  when  the  cuiTent  is  turned  on,  nearly  all  the 
cnnent  will  go  through  the  annature,  next  to  none  through 
the  shunt ;  hence  there  will  be  little  magnetism,  and  therefore 
almost  no  toi-qiie.  Such  a  machine  will  not  start  itself  with 
any  load  on ;  but  if  it  be  once  started,  its  counter  electro 
motive-rori;e  will  cause  the  current  in  the  armature  to  decrease, 
whiliri.  tliat  rouml  the  ahunt  incieases.  The  torque  will  thcre- 
\  fore  then  increa^ie  with 

tlie  speed,  hut  not  inde- 
finitely, for  M  the  mag- 
netism adviuices  in  its 
degreeof  saturation,  the 
hicrease  of  N  ^il'  "^ 
longer  compensate  for 
(he  decrease  of  Caj  and 
from  that  point  onwaids 
the  torque  will  decrease 
if  the  speed  ia  allowed 
to  increase.  And,  hypo 
thctically,  the  speed 
should  increase  uiitil  the 
motor's  own  electio- 
motive- force  exactly 
equals  the  difference  of  potentials  due  to  the  whole  of  the 
constant  current  flowing  through  the  resistance  of  the  shunt, 
under  which  circumst<ances  there  will  Ive  no  currant  tlu-ough 
the  armature  and  zero  torque.  Fig.  333,  which,  like  the 
preceding,  ia  taken  from  Dr.  Fnilich's  work,  givcB  the 
mechanical  charaoteiiatics  for  the  two  eases. 
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Reaction  between  Armatuiie  and  Field-Magnets 

IN   A   MOTOlt. 

On  pp.  70  to  80  and  pp.  380  to  395,  the  reactions  between 
the  armature  and  field-magnets  of  a  dynamo  were  comidered 
ill  detail,  but  attention  waB  confined  solely  to  tliat  which  occui'S 
when  the  dynamo  is  used  as  a  generator.  In  that  case  we 
noted  that  the  current  in  the  armature  tended  to  cross- 
magnetize  the  armature  core  and  to  distort  the  field  in  the 
sense  of  the  rotation ;  while  tlie  forward  lead  of  the  brushes, 
needful  for  sparkless  commutation  of  the  current,  tended  to 
exercise  a  demagnetizing  effect.  Tlie  same  thing  is  true  of 
a  motor;  but  witli  a  difference.  A  current  supplied  from  an 
external  source  magnetizes  the  armature  and  makes  it  into 
a  powerful  magnet,  whose  poles  would  lie,  as  in  the  bipolar 
dynamo,  nearly  at  right  angles  to  the  line  joining  the  pole- 
pieces,  were  it  not  for  the  fact  that  in  this  case  also  a  lead 
has  to  be  given  to  the  brushes.  Suppose,  as  in  most  of  the 
drawings  in  this  book,  that  the  S-pole  of  the  field-magnets 
is  on  the  left,  and  the  N-pole  on  the  right.  Also  that  the 
current  so  traverses  the  aimature  that  it  causes  tlie  highest 
point  to  be  a  S-pole  and  the  lowest  point  a  N-pole.  This 
means  that  if  the  armature  is  wound  light-handedly  the 
cunent  must  come  in  through  the  top  brush  and  leave  by  the 
bottom  one,  the  toj)  brush  being  connected  to  the  -|-  main. 
Compare  with  p.  60.  Clearly,  in  this  case,  the  armature 
will  rotate  right-handedly,  because  the  S-pole  at  the  top  will 
be  repelled  from  tlie  S-pole  on  the  left  and  attracted  toward 
the  N-pole  ou  the  right.  It  will  thei^f ore  run  right-handedly 
(in  a  right-hand.field)  when  the  cnrrentflows  downwards  from 
top  to  bottom,  exactly  as  -the  aiinatuTe  of  a  generabor  must 
run  in  order  to  send  a  curi-ent  upwards.  In  eacli  case  the 
direction  of  the  induced  electromotive-force  ia  the  same — 
upwards — witJi  the  current  in  the  generator,  ar/amet  the 
current  in  the  motor. 

It  follows  that  in  a  motor  a  forward  lead  would  convert 
the  cro8&  magnetizing-force  into  one  that  tends  to  increase 
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that  of  the  field-magnet,  whilst  a  htKkward  lead  tends  to  de- 
magnetize. Fuither,  uince  with  a  foi-wai-d  lead  the  armature 
polarity  strengthens  that  of  the  tield-magnet,  it  Is  possible 
(apart  from  the  question  of  sparking)  for  a  motor  to  be 
worked  without  any  otiier  means  being  taken  to  magnetize 
the  field-magnets  (see  p.  395) :  the  armature  will  induce  a 
pole  ill  the  field-magnet  and  then  attract  itself  round  towai-ds 
tliis  induced  pole.  Tliis  principle  has  been  used  for  manj 
years  in  small  motoi-s. 


The  cross-magnetizing  force  will  also  have  the  effect  of 
weakening  the  field  under  tlie  two  leading  pole-tips,  and  of 
strengthening  them  under  the  two  trailing  pole-tips.  This 
is  the  opposite  effect  to  that  in  a  dynamo.  In  tlie  motor 
(without  lead  even)  the  cross-magnetizing  reaction  tetuls  to 
?hif  t  round  the  field  in  a  sense  opposite  to  that  of  tlie  rotation. 
We  shall  now  see  what  are  the  conditions  for  minimum 
sparking.  Consider  (Fig.  334)  a  coil  W  a.scending  on  the 
left.  The  current  in  it  is  descending  fixim  the  top  brush, 
whilst  it  is  itself  the  seat  of  an  electromotive-force  thattenda 
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to  stop  or  revei-se  its  cuiTeiit.     !•    -    ,  -  icnow  that  the  con- 
dition of  non-8parking  requires  that  at  the  iiio^nent  whilst  the 
coil  passes  under  tlie  brush,  and  is  short-cireuiteJ,  it  should 
be  passing  through  a  field  that  is  not  only  suflRcieiitiy  strnng, 
but  one  that  tends  to  reverse  the  direction  of  its  current.     It 
isalieady  in  such  afield;  hence  the  act  of  commutation  must 
take  place  before  it  piisses  out  of  this  magnetic  held.     It  must 
be  commuted  before  it  arrives  at  the  highest  point.     In  other 
Words,  a  backward  displacement  must  be  given  to  thebinishes 
if  tliei*e  is  to  be  no  sparking.     Tlie  neutral  line  n  v!  will  there- 
fore i-ake  hackward%  in  a  niotor  into  the  fringe  of  the  magnetic 
fi.eld.     But   since    (in   every  case)    both  eddy-currents  and 
ysteresis  tend  to  shift  the  magnetic  field  slightly  in  the 
rection  of  the  rotation — increasing  the  lead  in  a  generator, 
iminishing  it  in  a  motor— it  fellows  that  the  negative  (or 
tDackward)  lead  iji  a  ir.otor  may  be  slightly  less  than  the 
ositive  (or  forward)  lead  ^  1  a  generatoi*,  for  equal  flow  of 
urrent  and  equal  excitation.^     The  advantage  in  point  of 
^^w^eight  of  a*  motor  in  which   the  armature  should  help  to 
•excite  the  field-magnets,  thereby  reducing  the  weight  of  the 
Matter,  led  Professors  Ayrton  and  Perry,*  in  1883,  to  advocate 
«lesign8    with   weak  fiehl-magnets   and   powerful  armatures 
^acting  with  a  forward  lead.     But  from  the  foregoing  con- 
^idei-ations  it  follows  that  if  a  forward  lead  is  given  to  the 
brushes  of  a  motor  in  order  to  get  a  more  powerful  rotation, 
"^he   motor  will  spark    at   tlie    brushes,  unless   some   special 
vice,  such  as  that  used  by  Sayei*s,  for  the  prevention  of 
arking,  is  employed.     Minimum  of  sparking  maybe  recon- 
i  led  with  high  efficiency  by  so  designing  and  constructing 
otors    that  the  armature  shall  not  perturb  the  magnetic 
jld  due  to  the  field-magnets.     This  can  be  accomplished  by 
^:^llowing  out  the  very  same  principles  of  design  and  con- 
t:ruction  which  were  found  to  be  correct  guides  in  the  case 
f  dynamos  used  as  generatoi's  (p.  386).     Mr.  Savers,  whose 
ethod  of  winding  armatures  with  auxiliary  commuting  coils 


^  This  appears  to  be  the  explanation  of  the  differences — otherwise  unlmpoiv 
nt— observed  by  8nell  ;  Journal  lust,  Electr.  P^wjinvers,  xix.  IM,  1890. 
*  Journal  Soc,  Telegr.  Ewjineers^  xii.  May  1S^C3. 
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w&A  considered  on  p.  895,  has  applied  the  liame  method '  to- 
(ihe  aiimatiires  of  raotore.  With  this  device  the  eurreutUows 
tiu^ogh  the  armature  sparklesKly  even  though  acoiwidemble 
foi-ward  lead  is  given  to  the  biuslies;  aud  in  this  way  tlie 
armHtiii<e  is  able  to  help  the  nmgiietizatioii  of  the  tield-inag- 
neta.     For  description  of  a  motor  on  tlii:^  ptaii,  see  p.  o40. 

Mr.  Movdey,^  wim  hau  carefnljy  ti-acked  out  the  aoulogies 
between  dynanos  and  motoi's,  hau  obnei-ved  timt  in  eevcml 
.-^upetitK  it  IB  even  more  impoi-tiint  thiit  the  lules  laid  down 
jor  the  good  design  of  generiitois  sliouUl  be  obeei-ved  for 
motore.  Eddy-cmrenbs  ntusl  Ite  evt:n  moi'e  cai-efully  elimi- 
nated. AIho  Che  pi-eatest  attention  must  be  paid  to  projwr 
mecluiiiiciil  arnuigemeutA  for  tiunsitiittiiig  to  tJie  shaft  the 
forces  exerted  by  the  field-inagnet  upon  tJie  aniiatiires. 

Coiitnwft  the  conditions  which  are  l)ound  up  in  tJie  dis- 
position of  the  magnetic  fields  of  the  genorat^n-  and  the  motor 
respectively.  Jn  one  the  armature  is  mechanically  driven 
round  while  Uie  magnetic  forces  in  the  field  tend  to  jiull  it 
b;tck.  In  the  otlter,  the  niagJietic  foi'oes  r;f  the  field  tend  to 
dmg  it  round,  and  it  ie  tiiereby  enabled  to  do  mechanical 
work.  Ill  oiue  ca«e  thei'e  its  an  oj^iiosing  meuliaiiical  I'eaction 
tending  to  stnp  the  stoajn  engine.  Jn  tlie  other  there  is  ^et 
up  ftn  opposing  electrical  i-ciic^ion  (the  indncetl  counter 
electromotivo-foroe)  tending  t»  stop  tiie  cuiTeut.^  In  l«»tli 
owes  tJie  rotatiion  is  imppo.sed  to  Iw  taking  place  in  die  iiame 
sense — riglit-haudedly.  Lii  both  the  cfEoct  U  to  displace  ibe 
lines  of  foi'oe  irf  the  field,  hut  in  the  geiiemtor  the  mechanical 
rotation  auts  as  if  it  draggeil  the  niaguetiRin  round,  whilst  in 
the  moiott'  tlie  recipa-ecal  magnetic  i'ea(;tinnB  act  as  if  they 
tried   to   drag  i-ound   the   armatnire,  pi<oduoiiig  mechanical 

1  Inif.  Blectr.  Bii<finepni,  mil.  377,  IS'l^!  :  x\W.,  IM.l. 

^J'hit.  Miiij.,  Jan.  1S8(V. 

"  TliP  law  of  the  eleirbrioal  reaction  rtwiill  [iig  In  a  gpitf nlor  from  thf  me- 
clianl&il  iiiolion  is  ■amninl  up  in  tlic  ivrll-lumwn  lim-  of  I.<-m.  (h»l  Ihe  iii- 
d"-i'l  ••iim-al  In  iihctii/s  micli  (hnf  hij  rirtiiv  n/iln  (^Fi-trn-mai/nrlif:  effrcf  It 
tfnil"  In  Kin}'  Uie  molioa  Hint  genfraled  It.  In  tli<^«(jn«'«rie  cue  of  tlie  me- 
elianica]  reaclion  rpsnltlilg.  iniimi'Ior.  fronithi-floivof  clirlrical  entTpy.  tils 
aaRytofonniilatcacoiivem^lsiv.  viz.  I/ml  I/"-  n,'iti"ii prndiicadiinrlir.ayt  mirh 
tknthyririiieofthemaiintlii-elKCtrU  indmrlwnn  aMch  it  attt  up  it  tends  to 
tlop  the  eurreyil. 
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Totn^tiow.     In  the  U8«nl  type  of  generwtor  we  found  spaitles^ 
^evei-sal  to  require  a  positive  lead.     In  the  motor, on  the  con- 
tra i-^,  sparkless   revei-nal   necessitatcB  a  negative  lead.     If  a 
^20 tor  is  set  with  no  lead,  and  if  the  iield-magnete  ai-e  very  weak 
ov  ai-e    not  excited  at  all,  it  will  run  in  either  direction  accord- 
^^^  sA.^    it  may  be  started.     If  in  a  motor  wLfch  well-excited  tield- 
^^^S'^^^^  the  cuiTent  be  reversed  in  i\^  armature  part  of  the 
cue  u  it:  only,  the  motor  will  usually  i^evei-^e  it«  ratation,  but 
^vill     ^>r^ually  i-equire  the  lead  to  be  i-evei-sed  to  I'un  as  f^park- 
ieBsl^^     3tes  before.     If,  instead  of  reversing  ti»e  current  in  the 
^^'^1.5^1:, VI re,   the   magnetism  of  the   field-magnet  be  revei*sed, 
^  *^****iJai*  re»ult  will  foUovv.     If  both  aie  reveii»ed  at  the 
sa,ri:i^-^      ^jme^  ^^  xiK>tor  will  go  on  rotating  as  if  notiiing  had 
Pl^^«sMed. 

^'Kiamos  wound  and  connected  for  working  as  generators 

*  ^  tinuous  currents  may  l)e  used   in  all   eases  ae  motoi-s, 

'^  5th  some  diffei'ence.     A  senes  dynamo  set  to  generate 

itii  when   run   right-handedly  (luid  therefoi*e  having  a 

/.  — Td  right-handed  lead),  will,  when+iupplied  with  acurreJit 

f  "^       i^n  external  »oiu'ce,  run  as  ainotor^  bat  runs  Itrft-hamledly 

- .  ^       ^  ^  >st  its  brcKsheH.    To  set  it  right  for  motor  purposes  requires 

"^^  -^^    that  tiieconnertions  of  the  aflTuatni^  shouki  be  reverfted, 

^^  *^  vt  tlione  of  the  lield-maixnet  shfmld  be  revensed  (in -either 

„^.  -•'  *ich  cases  it  will  mn  iTcrht-lmndedlv),  or  else  the  Ijrnshes 

^^-1    r     ^-       be  revereed  and  given  a  lead  in  the  otJier  direction  (in 

1.^,^      ^^"^  4 J   case  it  will  ruji  left-handed IvV     A  sliujit-dvnamo  set 

j.^^  -^^^  to  work  as  a  gei>emtor  will,  when  supplied  with  current, 

{(^^       _  "^^^-s  a  motor  in  the  same  direction  as  it  ran  as  a  generator ; 

tlve  cun-ent  in  tiie  armature  part  is  in  the  sanve  dii-ection 

^or^,  that  iu  the  shunt  \^   revei-sed-,  and   tnce  versd,     A 

^ound-wound  dynamo,  ^t  right  to  run  as  a  genemtor, 

^'un  as  a  motor  in  the  reverse  sense,  against  itsbmshes  if 

^ries  part  be   mare  i»owei'ful   than    the  shunt,  and  with 

•ushes  if  the  sJanit  piut   l)e  the  more  powei-ful.     If  the 

actions  are  such  (as  in  ooaa^>ound  dynamos)  that  the  field- 

let  receive  tlie  sum  of  ti>e  eifecrts  of  the  shunt  and  series 

ings  when   used  as  a  generator,  then  it  will  receive  the 

^•ence  between  them  when  used  as  a  motor.     There  are 
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certain  advantages  in  using  a  differentially-wound  motor,  as 
will  appear  hereafter. 

The  subject  of  alternate-current  machines  as  motore  is 
treated  separately  in  Chaptera  XXIV.  and  XXV. 

Rbversing  Gear  for  Motors. — A  motor,  as  will  be  seen  from 
the  pi-eceding  discussion,  can  be  reversed  by  the  operation  of 
re  versing  the  current  through  the  armature,  and  at  the  same  mo- 
ment reversing  the  lead.  But  reversing  the  current  can  also  be  ac- 
complished by  rotating  the  brushes  through  180°.  Consequently 
both  these  actions  may  be  accomplished  by  the  single  operation  of 
advancing  the  brushes  through  180° -2  ^,  where  ^  is  the  original 
angle  of  lead.  But  as  the  brush  would  then  slant  in  the  wi*ong 
direction,  it  is  usual  to  provide  a  second  set  of  brushes.  This  is, 
indeed,  Hopkinson's  method  of  revereing.  He  employs  two  pairs  of 
brushes,  each  pair  being  capable  of  moving  about  a  common  pivot, 
so  that  either  the  pair  having  a  lead  in  one  direction,  or  the  pair 
having  a  lead  in  the  other  direction  can  be  let  down  upon  the 
commutator.  The  result  of  this  arrangement  is  that,  by  moving  a 
lever,  the  angular  lead  and  the  direction  of  the  current  are  reversed 
at  the  same  instant.  Such  reversing  gears  are  obviously  most  use- 
ful in  the  industrial  applications  of  motore,  and  if  the  difficulties 
of  sparking  at  the  bnishes  caused  by  the  sudden  removals  of  them 
from  the  collector  be  obviated,  must  prove  much  better  than  any 
mechanical  device  to  reverse  the  motion  by  transferring  it  from 
the  axle  of  the  motor  through  a  train  of  gearing  to  some  other 
axle.  One  great  advantage  of  electric  motors  is,  that  they  can  be 
easily  fixed  directly  on  the  spindle  of  the  machine  which  they  are 
to  drive  ;  an  advantage  not  lightly  to  be  thrown  away.  Carbon 
brushes  are  almost  always  used  for  motors,  as  their  position  end- 
on  is  suitable  for  revolution  in  eith'^r  sense. 

Various  other  forms  of  reversing  gear  have  been  proposed  to 
accomplish  the  desired  end.  If  the  field-magnets  of  a  motor 
are  so  powerful  relatively  to  the  armature  that  no  lead  has  to  be 
given  to  the  brushes,  the  rotation  can  be  reversed  by  reversing 
the  polarity  of  either  part.  In  Immisch's  larger  motors,  the 
reversing-gear,  which  is  very  substantial,  removes  one  pair  of 
brushes  and  puts  down  at  the  same  diametral  points  a  second 
pair,  reversed  in  position  and  polarity. 

The  form  of  brush  shown  in  Fig.  248c,  p.  320,  is  designed  by 
Holroyd  Smith  for  motor  work,  as  it  allows  of  rotation  in  either 
direction.     So  also  do  carbon-brushes,  such  as  Fig,  249,  p.  321. 
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.Another  mode  of  reversing^  was  suggested  by  the  author ' 
ill  1882.  It  is  indicated  in  Fig.  885.  It  conaiats  in  joiQing 
>ne  of  the  brushes  to  a  point  half-way  along  the  field-magnet 
oiljs-,   which,  though  connected  across  the  mains  as  a  shunt, 
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FiQ.  335.— Electric  Reversino  Okar  for  a  MoiOR. 

^**  riot  be  of  very  high  resistance.  The  current  in  the 
^**'ture  c:m  tlien  be  revei«ed  bj'  simply  switching  the 
"^'^^i  brush  from  one  main  to  the  other.  This  principle  ia 
**     *  «i    iVIaquaire's  regulator  for  arc  lamps,  but  is  not  suita* 


large  motora. 


Government  of  Motors. 


extremely  important  that  electric  motora  should  he  so 
'  S"*i(i  a.s  to  run  at  a  uniform  speed,  no  matter  what  tlieir 
*'*^**3'  1)6.     For  example,  in   driving  laflies,   and  many 
*^  i'lds  of  machinery,  it  ia  essential  that  tlie  speed  Rliould 
^  *-*  l*tr.  and  that  the  motor  should  not  "  race  "  as  soon  as 


str-^ 


■"^s  of  the  cutting  tool  is  removed. 


"^'*fptor  Governor.- 
*^n   aiitomalic    ri- 


-One  of   llie   earliest    attempts  .to 
liitor   of   the  speed  was   that   of 


"  SppciflcatioH  of  Patent,  No.  5122  of  ISSS. 
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M.  Mdrcel  Deprez,  who  in  1878  applied  an  iDgenioas  method 
of  interrupting  thecuireiitata  peiiectly  regalar  ntte  by  intro- 
ducing n  vibrating  bieak  into  the  circuit.  The  motor  em- 
ployed hsd  a  simple  2-part  commutator,  whose  rotation  timed 
itself  to  the  makes-and-breaks  of  the  current.  This  method 
is,  however,  inapplicable  to  large  motore. 

Centrifugal  Governor. — Another  suggestion,  equally  im- 
prjvcticable  on  the  large  scale,  was  to  adopt  a  centrifugal 
governor  to  open  the  circuit  whenever  the  motor  exceeded  n 
certain  speed.  A  motor  so  governed  runs  spasmodically  fast 
and  slow. 

It  is  also  possible  for  a  centrifugal  governor  to  be  employed 
to  vary  the  resistance  of  a  partof  the  cireuit ;  for  example,  to 
work  an  antomatic  adjustment  to  shunt  piirt  of  the  current  of 
a  series  machine  from  its  field-magnets,  or  to  introduce  ad- 
ditional resistance  into  the  ^eld-maguet  coils  of  a  shunt-wound 


Fia.  336,— Automatic  CENTRirnoAL  Govxrnor. 


machine,  in  proportion  as  the  speed  falls.  A  case  is  shown 
in  Fig.  336,  in  which  a  centrifugal  governor  driven  by  ths 
motor  alters  the  number  of  exciting  coils  in  the  field-magnet 
circuit,  causing  the  magnetism  to   increase  if  the  motor  runs 
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^cx>  :£ast,  and  so  brings  down  the  speed,  again*     This  method 
vras  proposed  by  Brush,  and  answers  well  for  motors  in  series 
in  Aj-o-light  circuits. 

J^^riodic  O-overtior. — Ayrton  and  Perry  proposed  several 
of  *'  periodic  "  centrifugal  governor,  a  device  by  which  in 
revolution  power  is  supplied  during  a  ixurtion  of  the 
i.ition  only,  the  proportion  of  the  time  in  every  revolution 
which  the  power  is  supplied  being  made  to  vary 
ing  to  the  speed.  As  the  main  difficulty  with  such 
go^r^xTiors  is  to  pi-event  sparking  they  are  only  applicable 
^^  Ar^  xry  small  motors.  But  there  is  a  still  more  radical  defect 
^^  ^^1 1  cientrif  ugal  governors :  they  all  work  too  late.     They  do 

rfoi-m  their  functions  until  the  speed  has  changed. 
^SZ-r^amometrie    Grovemors. — The  author  devised  ^  another 
^^^    of  governor  which  is  not  open  to  this  objection.     He 
P^^c>j>Oiaed  to  employ  a  dynamometer  on  the  shaft  of  the  motor 
^     ^^<itiuate  a  regulating   ai)paratu8,  consisting,  either  of  a 
P^^^odic  regulator  to  shunt  or  interrupt  the  current  during  a 
pc^i't.xori  of  each  revolution,  or  of  an  adjustable  resistance  con- 
in  part  of  the  circuit.     The  dynamometric  pait  may 
tie  fonn  of  a  belt  dynamometer  (such  as  Alteneck's)  or 
xilley  dynamometer  (such  as  Morin's  or  Smith's).     In 
t:ter  case,  which  is  the  more  convenient,  a  loose  pulley 
►n  the  motor  shaft  and  is  connected  by  a  spring  arrange- 
,  ^*^t    "with  a  fixed  pulley.     The  rotation  of  the  motor  will 
.  ^S'    x:*ound  the  fixed  pulley  in  advance  of  the  loose  pulley,  and 
^^  ^^  gular  advajice  will  be  proportional  to  the  torque.    The 
it  of  such  angular  advance  determines  the  action  of  the 
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take 
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^  ^  ^  ^^ting  part.  The  regulator  in  this  case  i«  therefore  worked 

1     ^^^licording  to  the  speed  of  the  motor,  but  according  to  the 

'  i  t  is  carrying.     Any  change  in  the  load  will  instantly 

.         ^^^^  the  dynamometiic  governor  before  the  speed  has  time 

^^  ^^nge.     If  such  a  governor  is  purposely  over-set  it  may 

XI      ^^      Jiave  the  effect  of  causing  the  motor  to  rim  faster  when 

'■^^'^ad  comes  on  than  it  does  when  running  idle. 

^ctrie    Governing, — Anotlier  method  of  governing,  not 

1  Specification  of  Patent,  No.  leSO  of  1S83. 
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requiring  any  rotating  parts,  has  been  proposed  by  the  author. 
He  uses  as  iieldrmagnets  a  double  set  of  poles,  set  at  diffei^nt 
angles  with  respect  to  the  brushes  of  the  motor.  One  pair  of 
magnetic  poles,  having  a  certain  lead,  is  actuated  by  senes 
coils,  the  other  pair,  having  a  different  lead,  by  shunt  coils 
(see  Fig.  265(?).  When  both  shunt  and  series  are  working, 
there  will,  of  course,  be  a  resultant  pole  having  some  inter- 
mediate lead.  If  the  load  of  the  motor  is  diminished  it  will 
tend  to  run  faster,  increasing  the  current  in  the  shunt  part, 
decreasing  it  in  the  series  part,  and  therefore  altering  the 
effective  lead  and  preventing  the  increase  of  speed. 

In  1880  a  motor  was  patented  by  Andr6  in  which  the 
field-magnets  were  wound  in  two  separate  circuits,  one  of 
thick  and  the  other  with  thin  wire,  the  current  dividing 
betwen  them,  and  the  armature  was  connected  as  a  l)ridge 
across  these  circuits  as  the  Wheatstone's  bridge.  Motors 
governed  on  this  principle  were  constructed  about  1884,  by 
Lieut.  F.  J.  Sprague  ;  they  show  remarkably  good  regulation. 

Tlie  method  of  automatic  regulation  that  is  most  perfect 
in  theory  is  undoubtedly  that  of  Professors  Ayrton  and  Perry,^ 
«nd  is  expounded  in  the  following  pages ;  it  results  in  a 
uiififerential  compound  winding. 


& 


Theory  of  Self-governing  Motors, 

In  the  chapter  on  Self-regulating  Dynamos,  on  pp.  224  to 
242,  were  set  forth  the  methods  of  solving  the  problem  how 
to  an-ange  a  dynamo  so  that  it  shall  feed  the  circuit  with 
^electric  energy  under  the  condition  of  a  constant  pressure, 
"Avhen  driven  at  a  constant  speed.  The  solution  to  that  problem 
♦consisted  in  the  employment  of  certain  combinations  whicli 
gave  an  initial  magnetic  field  due  to  a  shunt  coil,  and  an  incre- 
ment to  that  field  dependent  on  tlie  current  that  might  U* 
flowing  in  the  main  circuit. 

Now  it  is  not  hard  to  see  that  this  problem  may  be  applied 

1  Journal  Soc,  Tele(jr,  Enrjineers,  vol.  xll.,  May  1883  ;  see  also  a  later 
paper  in  Phil,  Mag,,  1888. 
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oonversely,  and  that  motors  may  be  built  with  a  combination 
of  armngements  for  their  field-magnets,  such  that,  when  sup- 
plied with  currents  under  the  standard  conditions  of  constant 
pressure  in  the  mains,  their  speed  shall  be  constant  whatever 
the  load.  It  will  be  evident,  without  any  numerical  calcula- 
tions, that  the  windings  must  oppose  one  another — one  must 
tend  to  magnetize  the  field-magnet,  the  other  to  demagnetize. 
Take  the  case  of  a  shunt  motor  supplied  at  a  constant  poten- 
tial S,  and  running  at  a  certain  speed  with  a  certain  load. 
If  the  load  is  suddenly  removed  the  motor  will  begin  to  race, 
its  i-acing  will  increase  the  counter  electromotive-force  devel- 
oped and  will  partly  cut  down  the  armature-current.  But  the 
decrease  of  current  will  not  be  quite  adequate  to  bring  back 
the  speed,  because  of  the  internal  resistance  of  the  aimature, 
which  has  prevented  the  whole  energy  of  the  armature  current 
from  being  utilized  as  work.  A  demagnetizing  series  coil 
wound  on  the  field-magnet  will,  however,  effect  what  is  wanted^ 
for  then,  with  any  reduction  of  load,  the  corresponding  re- 
duction of  current  can  take  place,  tlie  resulting  increase  in  the 
field-magnetism  being  sufficient  to  get  the  required  larger 
counter  electromotive-force  without  any  increase  in  speed. 
For  constantKJurrent  distribution  no  method  of  coriipound 
winding,  whether  differential  or  additive,  has  been  found 
satisfactory  ;  special  regulators  must  be  employed. 

The  following  synoptical  table  contrasts  the  arrangements 
for  self-regulating  generators  with  those  of  self-governed 
motors: 


Genebatob. 

(?icen  Constant  Speed, 

To  get  e  conalant, 

r  1  Stoel  raaKnets. 

J  fy»t*j«t]  mafnieti8m-<  Separate  excitation. 

I  Shunt  coils. 


-f-  fieriee-reg^latiDg  coils. 


KOTOB. 

To  get  Constant  Speed, 

Given  &  constant 

1  Steel  magnets. 
Initial  magnetism  -J  Separate  excitation. 

I  Shunt  coils. 
—  Series-regulating  coils. 


In  discussing   the  theory  of  tlie  self-governed  motor,  we 
shall  follow  the  same  general  lines  as  in  discussing  the  theory 


I 
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of  the  self-regulating  generator,  namely,  find  an  equation 
expressing  the  desired  condition  of  constancy. 

Shunt  or  Separately-excited  Motor  with  Series-regulating 
Coil. — Using  the  same  notation  as  previously,  we  have  for 
the  counter  electromotive-force  developed  in  the  armati^'e — 

also 

E  =  §  — (ra  +  r«)C. 

Now  N  ifi  made  up  of  two  parts,  viz. : — ^  |  the  permanent 
part  (which  in  a  shunt  motor  is  equal  to  9  S«  C«,  where  S«  is 
the  number  of  windings  in  the  shunt),  and  another  part 
depending  on  the  series  coil  which  we  may  write  q  S^  C, 
where  S«  is  the  number  of  windings  in  series  and  q  has  the 
same  signification  as  on  p.  229,  and  is  equal  to  4  ir  divided 
by  ten  times  the  sum  of  the  magnetic  reluctances.  Its  value 
therefore  depends  upon  the  permeability,  and  therefore  upon 
the  degree  of  saturation  of  the  iron  of  the  magnetic  circuit 
Reserving  this  point  for  further  consideration,  we  may  write 

If  we  had  written  -V-  instead  of  — ,  we  should  find  the 
solution  coming  out  w?.lh  the  negative  sign,  indicating  that 
the  windings  must  be  so  arranged  that  the  current  in  the 
series  coil  oii*cuiate8  in  the  negative  or  demagnetizing  sense. 
We  write  tJi««j  negative  sign,  however,  as  we  already  know  that 
this  must  be  so.  We  also  assume  at  present  that  there  are 
no  armature  reactions.  Substituting  the  value  of  N  ^^^  ^^^^ 
fundamental  equation,  we  have 

E=w(ZN,-ZyS«C); 

and  equating  this  to  the  other  value  of  E   in  the  second 
equation  above,  we  find 

Having  thus  obtained  an  expression  for  the  speed,  we 
must  eifajuine  the  various  parts  of  the  expression  to  see  which 
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variable  and  which  constaut,  aad  so  deduce  a  relation 
t  Whiaix  fihall  make  n  constant     Now  in  both  numei-ator  and 

c/e/i€>£ninator  there  are  tvTO  ternis^  the  first  of  which  is  a 

Ooi^sit,£^x^iy  whilst  the  second  of  each  contains  the  variable  C, 

-^   li  ti^l^  consideration  will  show  that  the  fraction  eannot  have 

^  ft  oox^A^-fc^nt  value  unless  the  two  coefificienta  of  the  variable  in 

^^^  is^»<3^nd  terms  bear  the  same  ratio  to  one  another  as  do  the 

sistanta  which  stand  as  tlie  first  term ;  or  it  cannot  be 
t  unless 

or  III 

^        ^^^     la  the  desii-ed  equation  of  condition, 
xt  "^Tiia  condition  be  observed  (and  it  will  be  noted  that 

^r       ^i  ^^  '^xitity  of  series  winding  required  is  pro{>ortional,  as  in 
■;;'  ■*-  t-yegulating  dynamo,  to  the  internal  resistance  of  the 
I,  then  the  speed  will  be  constant  and  of  the  value 


z  N  J      z  y  fe« 

^j^  J  ^  T^'*"^^  the  first  of  tliese  relations  we  see  that  the  speed  at 
as  ^-»  ^  'tlie  machine  is  thus  governed  to  run  is  the  same  speed 
^i^;i^-»  '^^'fi  at  which,  if  driven  as  a  generator  on  open  circuit,  it 
at  -^-fc  ^^i^ld  an  electromotive-force  equal  to  that  of  the  supply 
of   ^        ^^     i>iains.     When  running  as  an  unloaded  motor,  it  ought 

^'^e  to  turn  so  fast  as  to  reduce  the  current  through  its 
^xe  to  a  minimum,  which  it  can  do  by  running  at  this 
ili^  "^  ^  ^  It  is  evident  that  by  making  the  permanent  pait  of 
sav  ^^^  5^gnetism  strong  enough,  tlie  critical  speed — that  is  to 
105^^^  ^^  *^^  speed  for  whicli  the  motor  is  self-governing — may  be 
cre^:^_  *^^  1^^  ^  desired.     As  the  load  on  tlie  motor  is  in- 

inc:^^       ^^^,  the  flow  of  current  through  the  armature   must  be 
in  ^^^fc«d,  and   this   increased   current  cannot   flow    unless 

faiT^,^^     ^^>Xe  way  the  counter  electiomotive-force   of  the  arma- 

diminished.     As  the  speed  is  to  be  kept  up,  this  is 
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accomplished  by  the  lowering  of  tlie  magnetism,  which  occurs 
in  consequence  of  the  inei-ensed  current  flowing  througli  tlie 
demagnetizing  coils.  The  quantity  denoted  by  j,  which 
depends  on  the  permeahility  of  the  Ii'on,  may  be  taken  at  an 
average  value  between  the  two  extremes  which  it  has  at 
maximum  load  and  at  zero  load,  since  in  a  well-designed 
motor  the  resistances  in  the  armature-circuit  are  very  small, 
and  the  efficiency  as  a  whole  high,  the  demagnetizing  effect 
of  the  series  coils,  even  at  full  load,  need  only  reduce  the 
magnetization  by  a  small  percentage.  Moreover,  witli  the 
backward  lead  given  to  the  brushes  to  prevent  spiiiking,  the 
armature  itself  will  act  partially  as  a  demagnetizing  series 
coil,  and  so  compensate  for  alteration  in  the  peimeability. 
The  nii^iietism  is  a  maximum  when  the  motor  is  running 
empty.  When  the  load  is  greatest,  if  the  motor  is  running 
at,  say  80  per  cent,  efficiency,  E  will  be  80  per  cent,  of  § ;  that 
is  to  say,  W  will  be  80  per  cent,  of  Np  ^t  is  between  these 
limits  in  the  magnetization  that  tlie  value  of  q  must  be 
averaged.  It  is  evident  from  equation  [HI.]  that  if  the 
motor  is  already  provided  with  a  given  series  winding,  tliero 
can  be  found  a  value  of  g,  for  which  the  condition  of  self- 
governing  can  be  still  fulfilled.  In  the  case  of  a  shunt 
motor,  the  above  equation  is  capable  of  further  simplification  j 
for  we  know  that  ©  ^  C,r,,  wliere  r,  is  the  resistance  of  the 
shunt,  and  Ni  ^  ?  S.  C,  Substituting  tiiese  values  in 
[II.]  alwjvc.  we  get 

which  is  Ayrton  and  Perry's  rule  for  the  winding  of  the  self- 
governing  motor.  Motora  wound  differentially  in  the  propor- 
tion indicated  ii(  equation  [IV.]  are  very  nearly  self-governed. 
Some  excellent  motors  by  Sprague  were  wound  according 
to  this  rule.  One  very  curious  property  of  this  method  of 
winding  is  as  follows  : — Suppose  the  motor  to  be  standing 
still  and  the  current  turned  on,  the  ampere-turns  due  to  the 
ehunt  will  be  equal  to  S  S, -l-rn  whilst  those  due  to  the 
series  coil  will  be  ©  S^  ^  ra  X  »■■  ;  and  these,  according  to 
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equ»,tion  [IV.],  will  be  equal,  and  they  are  of  opposite  sign. 

X*liei-e  should  then  be  no  magnetism  excited  at  all.     But  if 

^^01-^  is  any  lead  at  the  brushes,  the  magnetizing  tendency 

^^  tfae  armature  will  come  into  play;  and  if  the  brushes  have 

^  <3oi:isidei-able  negative  lead,  the  efiEect  will  be  to  magnetize 

^h  o   :fie  Id-magnet  in  the  wrong  sense,  and  then  the  motor  starts 

^'^^    A'vrong  way.    The  defect  might  be  remedied  by  cutting 

^^t   fH^=*  series  coil  or  reversing  it,  until  the  motor  has  got  up 

d.  The  latter  coui-se  is  preferable,  as  the  additional 
of  the  series  motor  is  of  great  advantage  in  overcoming 
tical  resistance  to  motion  experienced  at  starting, 
obvious  that  tlie  number  of  shunt-turns  should  theo- 
Y  be  such  that  tlie  motor,  driven  on  open  circuit  at  the 
aspeed,  sliall  generate  an  electromotive-force  equal  to§. 

ileal  Determination  of  the  Shunt  and  Series  Windings,^ — 

he  case  of  compound  windings  of  dynamos  (p.  238)  so  for 

,  the  proper  windings  cm  be  found  by  simple  experiments, 

X^orary  coil  being  wound  and  separately  excited,  and  a  re- 

Oe  equal  to  tlie  future  r„  being  added  to  the  armature  resist- 

Two  experiments  are  required.     Run  the  motor  first  with 

at  the  brake,  using  the  proper  pressure  V,  and  excite  the 

i^ary  coil,  observing  the  number  of  ampere-turns  that  are 

*  ^vil  to  bring  the  speed  do^vn  to  tke  required  n.     The  number 

J>ere-turns  in  this  ease  is  equal  to  S,  C,  ,  where  C,  is  the  cur- 

'vvhich  economy  dictates  should  be  used  in  the  shunt.     Sec- 

''"^    run  the  motor  with  the  fullest  load  at  the  brake,  and 

excite  the  fiokl-magnet  with  such  a  number  of  ampere- 

that  the  speed  is  constant  at  n.     From  this  and  the  pre- 

^xperiment  S,„  can  be  calculated. 


ex: 

di 


tlx 


^  efficiency  of  a  differentially-wound  motor  cannot  be 
"ted    to  be  quite  as  high  as  that  of  one  which  is  not 

ntially  wound,  since  the  energy  expended  in  the  former 
^»^  magnetizing  the  field-magnets  is  greater  relatively  to 

ount  of  magnetization  produced. 


. 


lionld  be  pointed  out  that  this  process  differs  from  that  suggested  by 
6-  ore  Ayrton  and  Perry  in  their  paper  on  electroraotore,  in  Journal 
f^lffj.  Engineera,  May  1883.     Their  method  depends  on  tlie  volume 
The  bobbins  of  the  field-magnets,  which  is  assumed  to  be  constant. 
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MeCHANICAI>  CHARACTElBiaTICS  OF  COMPOftTIlD 
DlFFKHENTIAL  MOTOilS. 

It  may  be  convenient  here  to  consider  the  graphic  repre- 
eentation  of  the  legiilationa  between  speed  and  torque  in 
motors  provided  with  mixed  windings.' 

The  curves  for  constantrpotential  supply  are  shown  in  Fig. 
337.     The  lettei-s  M  and  S  refer  to  main  circuit  windings  and 
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shunt  windings  respectively.  Tlie  forms  of  the  curves  for 
mixed  windings  differ  soniewliat  accordingto  the  proportions 
of  the  two  sets  of  coils.  The  import^int  case  ijs  that  of  the 
difie re ntial  winding  m&rkedS  — M,  luiving  a  few  series  turua 
to  correct  the  droop  of  the  pure  shunt-iviitding,  and  it  will  be 
DOt«d  tliat  up  to  a  certain  lintit  the  speed  i&  nearly  const&ut, 
but  that  there  is  a  maximum  value  to  the  torque.  In  the 
case  of   constant-cun-ent  supply,  as  tlie  curves  of  Fig.  838 

1  The  author  l9  indeblcil  to  Fri)licb'3Di«7^ntiiu««IeI:(rint;A(;  JfoMhiMefor 
the  curves  of  niottirs  with  luixeil  wimliiigs.  Similar  curves  have  been  <le- 
dueed  by  liechnii'wski,  see  Scunren  de  Xii  .SoriiUi  .le  Phyalque,  18S3,  p,  197. 
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•bo  ^^  the  only  windings  wliicli  gives  any  S{>proxiiBfttinn  to  a 

C07>£sC:aiit  speed  ia  tliediffei-ential  rsinding  with  large sbuntand 

SXXI21.X  1   series  coil.     For,  as  in  the  case  of  the  constant-cmreiit 

^■^nt^MS^Xjox,  the  Tai'iatiou  of  the  itl^netisni  has  to  be  carried 

tJii-o*.i^h  an  enormous  range,  defying  any  avei-agiug  of  the 

Hsfk^v-  »-a  e  tic  permeability. 

j^V  rr».  t'legfuit  graphic  method  of  treating  the  problem  of  Bclf- 
go-v-tj-K— »».>nent  of  motors  is  given  by  M,  Picou  in  ha  Lumi&r  EUv- 
tr^*t^  *-^^^     xxiii.  114,  1887. 

t^^^*.  -»*  rit   JfottM-. — It  was  observed  by  Mr.  Mordey,'  that   if 

A    ^  va..x~«^    shuQL  motor  i»  coutitructeduiion  perfect  designs — that 

13    t<:»      =^s«y,  having  very  small  resistiuice  of  armatme  and  very 

laj-^T»-«^     x~esistance  of  shout,  and  Itaving  idso  field-magnets,  uhich 

ax-^     -^.^  ^  ry  [K)werful  rebiti^'cly  to  the  arnatme,  and  an  armature 

V^'<^2_~*  ^^  x-2y  laminated  iiitdsectionetl  so  as  to  iwluce  eddy-currents 

a-ncl    ^-*<?lf-iii(I|]ctioii  to  a  minimum — such  a  shnnt  dynamo,  if 

^  'I'l*  '  ■*-;'(l  from  mains  at  a  constant  i)ott!ntial,willrunataiiearly 

**  t-5*..lji  ^  speed  whatever  tlie  load,'    The  slight  dt-niagnetizing 

.  *-*     of  tlie  aruutture  when  a  negative  non-sparking  lead  is 

*;<:>  tlie  brushes  act*;,  in  fact,  insteiul  of  any  speciid  de- 

(„  _.    _    ^  *^ising  coil.     Tlie  following  t-^sts  showed  a  cnnstuicy 


*  *  i  71  li  \ier  cent,  foi-  all  loads  within  working  limits. 
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alnKr»sv  -%- 

that,    ,^^         equally 

po'ft'^-^^  "^^  peeially 


a  lower  electi-omotive-foree  tlie  same  motor  regulated 
.■U,  but  at  a  lower  speed.     It  was  observed 
hen  the  motor  wjis  ijiving  out  small  hoi-se- 
the  speed  w.is  increased  by  wcakciung  the  licld. 
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Other  Methode  of  Qoveming  Motors. — A  further  suggestion  for 
governing  motors  is  due  to  Mr.  Mordey  and  Mr.  C.  Watflon. 
Tbey  wind  the  armature  with  two  windings,  having  separata 
commutators.  One  winding — the  main  one — is  the  ordinary 
armature  circuit  of  the  motor,  and  is  supplied  with  current  from 
the  external  source,  causing  the  armature  to  revolve.  The  other 
winding,  which  may  be  called  the  regulating  armature  winding, 
is  email  in  amount,  and  is  disposed  over,  or  side  by  side  with,  the 
main  motor-winding.  This  additional  winding  is  not  connected 
to  the  mains  or  source  of  current,  but  to  the  field-winding  by 
means  of  a  special  commutator  or  collector  and  brushes.  It  will 
be  observed  that  this  additional  armature- winding,  revolving  in 
the  field,  constitutes  a  generator  of  current.  The  regulating 
action  is  as  follows  ; — ^When  a  tendency  to  increase  in  speed 
results  from  a  diminution  of  the  load,  the  additional  armature- 
winding  tends  to  increase  the  strength  of  the  field  by  supplying 
more  current  to  the  field-coils,  and  thus  raises  the  opposing  elec- 
tromotive-force of  the  motor,  diminishes  the  amount  of  current 
received  from  the  mains,  and  ao  reduces  the  speed  to  its  normal 
rate.  Again,  an  increase  of  the  load,  tending  to  reduce  the 
speed,  is  counteracted  by  a  lessening  of  the  magnetizing  current 
pniduced  by  the  additional  winding,  a  consequent  lowering  of 
the  opposing  electromotive -force  of  the  motor,  and  an  increase  of 
the  current  received  from  the  mains.  It  will  be  seen  that  as  this 
plan  is  summative  it  does  not  require  so  great  an  expenditure  of 
energy  in  the  fields  as  a  differential  winding  ;  nor  is  it  open  to 
the  objection  that  the  motor  may  start  in  the  wrong  direction. 
On  the  other  hand,  it  has  the  drawback  of  requiring  an  additional 
■commutator.     The  method  has  given  very  good  results. 

A  possible  mode  of  governing  constant-current  motors  is  by 
providing  a  variable  magnetic  shunt,  in  the  converse  of  the 
manner  suggested  by  Trotter  for  constant- current  generators. 
Various  other  modes'  of  controlling  the  speed  by  altering  the 
magnetism  have  been  suggested,  but  few  of  them  are  automatio 
or  reliable. 
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MODERN  FORMS  OF  CONTINUOUS-CURRENT  MOTORS. 

Almost  any  good  modem  dynamo  (independently  excited, 

^hunt  wound,  or  compound  wound)  will  serve  as  a  motor  on 

^^^U^ns  supplied  at  the  proper  pressure ;  but  attention  has  to 

■^  paid  to  the  setting  of  the  brushes  that  it  may  run  rightly, 

^^d  the  machine  so  used  must  be  one  that  will  give   the 

l^^">oper  voltage  at  the  proper  speed.     In   designing  motors 

^^^ecisely  the  same  principles  hold  good  ^  as  obtain  fordesign- 

^g  generators;  for  the  same  features,  namely,  low  internal 

\esistance,  powerful  field-magnets,  and  proper  elimination  of 

eddj'-currents,  which  go  to  make  a  good  generator,  also  apply 

to  the  making  of  a  good  motor.     For  example  :  suppose  it  is 

desired  to  design  a  10  H.P.  motor  to  run  at  500  revolutions 

per  minute,  when  supplied  from  200  volt  mains.  Now  10  H.P, 

is  7460  watts;  a  motor  to  give  out  actually  74G0  must  be 

allowed  to  absorb  (at  85  per  cent,  nett  efficiency)  8776  watts. 

Further,  if  its  electrical  efficiency  is  to  be,  say  90  per  cent.,  it 

must   generate    180  volts  of    counter    electromotive-force. 

Dividing  8776  watts  by  180  volts  we  find  48-75  ampei-es  as 

the  current  it  must  take  at  normal  load.     If,  therefore,  we 

simply  set  to  work  to  design  a  dynamo  with  good  powerful 

field-magnets  capable  of  generating  50  amperes  at  180  volts 

at  a  speed  of  600   revolutions  per  minute,  we  shall   have 

obtained  what  we  wanted. 

Snell  has  given  the  following  rules  for  expressing  the 
actual  H.P.  which  maybe  safely  and  continuously  taken  from 
continuous-current  motors : 

Ring  armatures,  2-pole  ;  H.P.  =0-00001    X  ^  rf'  n, 
Drum  armatures,  2-pole  ;  H.P.  =0*000015  X  M^  n  ; 


\ 


^For  discussion  of  the  subjeot  of  motor  design,  see  a  paper  by  Snell  In  Thit 
Ulectricianj  xxll,  313  and  403,  1889  ;  also  Journ.  Inst.  Electr.  Engineers^ 
1891. 
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where  (  is  length  of  armatui-e  and  d  its  diameter,  in  inches, 
and  n  the  revolutions  per  minute. 

It  might  Ije  supposed  from  the  opening  statement  that 
any  description  of  motors  was  superfluous.  There  are.  how- 
ever, eertiiti  specinl  forms  of  machine  that  have  come  into 
notice  as  motoi-s,  and  are,  therefore,  described  here. 

Amongst  the  motors  which  were  at  one  time  in  commei-ce 
were  special  foi'nis  by  Ayrtoa  and  Periy,  with  a  fixed  external 
ring  armature  and  an  internal  revolving  field-magnet.  They 
possessed  tlte  -stiuctui-al  defect  of  ])osfie6siDg  too  weak  a 
field-magnet  to  euable  tliem  to  run  spaiklestdy,  aud  though 
remarkably  compact  and  convenient,  felt  into  disuse.  These 
motoi-s  were  illustrated  iu  the  earliest  editions  of  this  book. 
A  little  later  excellent  forms  up  to  sevei-al  horse-power  were 
coufitructed  by  Reckenziiun,  Immisch  and  others,  which  were 


Fio.  339.— iMsnsTH's  Motor  (Section). 

also  notioeii  in  former  editions.  Keckcnzaun  conceived  the 
useful  notion  of  winding  the  m^^nets  of  a  series  nintor  for 
traction  purposes  with  two,  or  in  some  cases  tlirce,  cuils  on 
each  limb,  which  might  be  put  in  parallel  or  series  so  as  to 
vary  the  exciting  [wwer  and  jwrmitof  obtaining  the  different 
rates  of  speed  and  power  required  in  ti-amway  work  without 
resorting  to  artificial  resistances,  and  also  of  obtaining  a 
great  torque  in  stjirtine,  when  all  the  coils  are  in  series. 

linniisuli'.s  niolore  were  amongst  the  first  in  P^ngland  to 
be  well  and  nicchanically  conslrui-ted.  The  Armature  cnivs 
were  built  up  of  insulated  disks,  having  at  the  ends,  and  at 
intervals,  thicker  disks  provided  Mith  projecting  driving- 
teeth,  all  the  disks  Iming  securely  keyed  to  the  shaft.  Tlie 
windings  were  insulated  with  Willesdenpaijer  protected  with 
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ind  ir^— x^ubber  varnish.     In  the  commuting  arrangements  special 
^G^T\^    were  taken  to  cut  out  th«  ooils  as  they  reach  the  neuti-al 
poi  VI  t;  ^     the  effect,  accoi-ding  to  the  inventor,  being  to  diminish 
cro^^^!>~:Kmagnetixing  influences  and  obviate  changes  of  lead. 

1 1  :^        ^mmisch   motoi-s  carbon  brushes,  Fig.  249,  p.  821,  are 
us^dX.  The   mode   of  driving   the   core-disks   of  the   large 

mo.c3l-k  i  wies  is  shown  in  Fig.  224,  p.  294. 

-A.     ^i4)-H.P.  motor,  designed  by  Mr.  A.  T.  Snell,  for  mining 
pixr^xi^ses,^  weighing   850   kilogrammes,  gave   the  following 


Revolutions  i     vnlta 
per  Minute. '     ^^*"- 

Amperes. 

E.H.P. 
absorbed. 

H.P. 
given  out 

EfflcieDcy. 

600 
680 
675 

500 
500 
500 

40 
48 
49 

33 

82-2 

83 

29*8 
29-5 
29-5 

•91 
•89 

number  of  firms — for  example,  Messrs.  Cuttriss  of 
*— ^^<-^^5,  M.  Trouv^  of  Paris,  and  Messis.  Crocker  and  Wheeler, 
^"^       -N'ew  Jersey — have  made  a  speciality  of  small  motoi*s  for 


fi^x 


^g  fans,  lathes  and  otlier  light  running  machinery. 
^i  lai-ge  firms  who  construct  continuous-current  dynamos, 
^^h  them  also  as  motoi-s,  in  some  cases  making  special 
^  ^^^'Us,  the  only  difference  being  that  a  macliine  designed 
,  .  ^  niotor  usually  has  the  field-magnet  carried  to  a  rather 
S^'^ox*  degree  of  saturation,  and  made  relatively  more 
^"f\il  than  in  the  corresponding  size  of  dynamo.  If  two 
*-*^es  are  to  be  used  together  as  generator  and  motor,  the 
being  driven  at  a  constant  speed,  the  latter  will  not 
a  constant  speed  at  call  loads  it  they  are  of  identical 
Miction,  for  the  voltage  given  to  the  motor  falls  as  the 
t}  in  the  line  increases.  To  make  the  motor  run  at 
Tit  speed  it  should  be  wound  with  fewer  annature  con- 
in  proportion  precisely  to  the  efficiency  contemplated. 

notes  by  Mr.  Snell  pn  Electrical  Work  in  Mines,  in  "Proc,  South 
^jutitute  of  Engineers,  July  27,  1S91.     Also  lecture  on  Electricity  in 
by  author  of  this  book,  published  by  Messrs.  Spon. 
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Table  OP  Data  of  Sfkaoue  Hotobs. 
^M  flf^rcfl  in  the  first  column  refer  to  duuensionB  indicated  in  Fig.  840). 
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For  instance  if  the  electrical  efficiency  of  the  transmission 
is  to  be  85  per  cent,  the  motor  armature  should  have  85 
per  cent,  of  the  number  of  conductors  that  there  are  in  the 
generator  armature.  As  an  example  see  Brown's  240  H.P. 
motor  mentioned  on  p.  412. 

Sprague*s  Motors. — Several  firms  have  made  a  speciality 
of  motor  work.  Amongst  American  engineers,  Lieut.  F.  J. 
Sprague  was  early  in  tlie  field  with  several  forms  of  motor  of 
excellent  design  and  construction  ;  many  hundreds  of  them 
were  in  use  in  the  States  for  lifts,  machine  tools,  and  the  like, 
until  his  firm  was  amalgamated  with  the  Edison  Co.,  after 
which  time  the  Edison  bipolar  dynamo  was  substituted. 
One  form  of  these  machines,  resembling  the  "  Manchester  " 
type  of  dynamo,  is  shown  in  Fig.  340.  Sprague's  method 
of  winding  the  field-magnets  with  a  differential  compound 
winding  is  identical  with  that  invented  in  1883  by  Ayrton 
and  Perry,  depending  upon  the  use  of  a  coil  in  series  with  the 
armature  to  demagnetize  and  weaken  the  field.^  Many  other 
ingenious  methods  of  governing  and  practical  applications 
have  been  worked  out  by  Sprague.  The  reference  numbers 
given  in  Fig.  340  relate  to  the  statistics  given  in  the  accom- 
panying table,  from  which  the  relative  sizes  of  a  well-worked- 
out  line  of  machines  can  be  learned.  For  further  details  the 
reader  is  referred  to  the  accounts  published  in  the  technical 
press.^ 

Crocker  and  Wlieeler's  Motors, — Another  American  firm 
that  has  been  very  successful  with  motors,  particularly  in 
small  sizes,  is  that  of  Crocker  and  Wheeler,  of  Ampere,  N.J. 

Fig.  341  gives  a  geneml  view  of  the  bipolar  motor  of  this 
firm.  The  magnet  limbs  are  stamped  in  one  piece  out  of 
wrought  iron  or  mild  steel,  and  set  firmly  in  the  cast-iron  bed< 
The  armature  is  built  up  of  toothed  core  plates  (see  Fig.  212, 
p.  287)  and  ring  wound,  the  finished  armature  being  repre- 
sented in  Fig.  842.     A  starting  gear  is  usually  provided  with 

J  See  Specifications  of  British  Patents,  Nos.  15,768  of  1884,  and  3524  of  1885. 

^Electrical  World,  October  1886  ;  also  Martin  and  Wetzler's  treatise  on 
The  Electric  Motor,  157-75  ;  and  Electrical  World,  xiv.  3,  1889  ;  xv.  870, 
1890  ;  also  Electncian^  xxlv.  248,  1890. 
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tlies^  motots,  conststiDg  of  a  switch,  with  resistancea,  so 
sn-a-n^ed  thafc  the  field-magnet  is  first  exoited,  the  armature 
^&ra.      thrown  into  circuit  with  a  resistance  which,  when  the 


Fio,  841.-<.'rocker-Whbbleb  Motob. 

^*~^^  acquires  speed  is  cut  out  by  a  further  movement  of  the 
Z*^^*  *»  g  switch.  For  use  in  arc-light  circuits '  a  centrifugal 
^^^*~*ior  is  added  to  the  shaft.     For  sizes  up  to  10  H.P.  the 


Flo.  849.^ABiUTDitE  or  Crockeb-Wheeixb  Motc». 


bi, 


ipc»X, 


typ^     ^'^-T  type  is  osed,  but  for  laig«  sizes  4-pole  designs  of  the 

-3-.-^_^=»f  Fig.  278  are  preferred, 
m^^^-^^"^  following  table  gives  some    statistics  about  these 

,  _         ^*:"  further  accounts  of  tlie  Crocker-Wheeler  motors,  and 

trtcf^^j.    ^^  loiiie  accoonts  of  motors  for  coiisbuit.<nirrent  cIrcuitB,  see  SUo- 
10,^^       'aroWd,  XT.  2e0,ie90;  xrU.  I20aii<l]3D,  IdSl;  also ffectrfelon,  xxv. 
^^^     ■^uid  181, 1890. 
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Ontpnt. 

BeTolutlona 

*£K^ 

iDcheal 

"^SuT 

T^h. 

BJpoIar. 

A    . 

1900 

17 

8 

12 

0 

i 

1800 

S« 

8'flOl 

16 

8 

\ 

1400 

70 

4-75 

24 

12 

i 

1250 

loe 

5-625 

24 

12 

1 

1000 

201 

7 

82 

16 

3 

1000 

281 

7-75 

48 

24 

3 

B50 

864 

8-75 

48 

24 

8 

950 

590 

9-187 

sa 

38 

10 

875 

1063 

n 

56 

88 

F<n>,r-Pole 

IS 

850 

1450 

11 

103 

61 

30 

150 

2800 

15 

110 
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their  application  to  driving  workshop  tools,  the  reader  is 
referred  to  the  technical  journals.' 

A.E.G.  Motors. — In  Gennany  the  Allgenieine  Elektri- 
citats  Gesellschaft  lias  made  a  specialty  of  small  motors, 
both  for  contiriuniis  current  and  alternating.  Their  typical 
form  up  to  12  H.P.  is  shown  in  Fig.  343.  For  larger  out- 
puts 4-pole  and  6-pole  machines  are  used.  This  company 
has  long  systematized  its  manufactures.  The  following  table 
Includes  the  usual  sizes. 


HP. 

1* 

i  j  1     i  1  1  j  1-6  a-5   4  ,  6 

10     20 

30 

40 

» 

90 

Both,  per 
rnJnute. 

,», 

1100  2100  1900  1650 1480  1270 1100 1030 

936   B50 

720 

660 

600 

4S0 

Total  wt., 

kUoa. 

(so. 

60'S    SB      76      120    220   S65    S8S   620 

1    !          1 

825 I8W 

2IT0 
35S 

MW 

UOO 

4760 
700 

109  volta. 

\  '" 

1       i       1       1       1       i       I 

uj  ^^  m 

1  See  EngineertTig,  xliv.  83,  1887 ;  also  EleeMeal  World,  Ix.  4,  9  and 
203 ;  zUl.  800, 1889 ;  xv.  114,  260  and  3T0, 1800  ;  xvll.  ISO,  19L  Also  see 
Profeasor  Crocker's  book,  entitled  '  Practical  Uanagement  of  Driuutios  and 
Motors,'  and  a  serlea  of  papers  by  FrofetMW  Civcker  In  £Z«e.  Engineer 
<N.  T.),  1801  and  I8fi2. 
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Cholden'i  J^ninff  Motor, — Mr,  Atkiiwoii  has  designed  for 
Meesn.  Groolden  &  Co.  a  miDing  motor  of  Uie  Bimple  Upolar 


FK.  848.— A.B.O.  HOTDB. 


Fia  844.— aoou)KN  Enclosed  Uining  Motcw. 
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type,  witQ  special  adaptations  for  use  in  coal-mines ;  *  the 
moving  parts  being  enclosed  so  that  all  possibility  is  removed 
of  a  spark  at  the  brushes  causing  an  explosion.  As  shova 
ill  Fig.  344,  the  commutator  and  brushes,  which  areof  carhoa, 
ai*  completely  boxed  in. 

Sayen'  Mining  Motor. — An  entirely-enclosed  mining 
motor,  having  lixed  brushes  and  compensating  armature  on 
Sayers'  design,  lias  been  introduced  by  Messrs.  Mavor  and 
Coulson.  Fig.  345,  which  gives  a  section  of  this  machine, 
shows  the  position  of  theaujcitiary  poles  P^,  the  use  of  which 
was  described  on  p.  395.  A  30-kilowatt  motor,  running  at 
700  revolutions  per 
minute,  weighs  3732 
lbs.  complete.  The 
core-disks  are  deeply 
slotted  with  4  main 
conductors  and  3  com- 
muting conductors  in 
each  of  the  108  slot-*. 
The  (irmature  body  is 
9J  inches  long,  and  17^ 
in  diameter. 

Electric  Locomotive 
Melon. — Many  motors 
have  been  designed  for 
propelling  tram  cars  and 
for  electric  milways ; 
the  points  that  invent- 
ors have  chiefly  con- 
sidered being  strong 
mechanical  design  of  armature,  slow  speed  with  or  without 
gearing,  and  construction  that  will  i-esist  deterioration,  by 
water,  mud,  dust,  or  overheating.  Owing  to  the  enormous 
rush  of  current  just  at  starting,  the  armature  must  be  capable 
of  enduring  the  severest  torque,  and  be  practically  fireproof 
as  well  as  waterproof.  For  tramcar  driving  a  single-reduction 
'  See  tlie  author's  mrctrieit]/  in  Mining,  p.  38,  (or  dewripUOM  of  electric 
eokl-cuttera  Mtd  other  mining  (ippliiutcet. 
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g-ear  has  found  geneml  favor,  l»ut  for  lieavy  railroad  work 
swll  gearings  for  speeding  down  have  gi-adually  fallen  into 
disfavor,  dii-ect-driving  slow-speed  forms  being  more  re- 
liable. All  tliis  implies  tUe  employment  of  motora  with 
relatively  powerful  field-magneto  This  is  not  the  place  to 
sxiter  on  a  detailed  account  of  electric  locomotion  in  general, 
>  »■  to  describe  any  of  the  lunidreda  of  electric  tramwaya  and 
-zailways  now  running.     Suffice   it   to  say  that  the  lighter 


Fio.  S46,— Maonfts  fob  Strset^Das  Hotox. 

"fc~reet-tramway  systems  liave  developed  to  an  enonnous 
•  =*tent  in  the  United  States,  where  alone  more  than  10,000 
*^ile8  of  electric  street  lines  are  at  work,  mostly  with  an  ovei"- 
^  *ad  troUey-systein  of  supplying  current  to  the  cars.  The 
^sual  pressure  is  500  volts.  Generators  suitable  for  such  sys- 
-^ms  are  described  on  p.  433.  With  respect  to  the  motors, 
*-;part  from  the  difficulties  arising  from  damp,  dirt  and 
^"ibratioQ,  the  main  difficulty  lies  in  designing  the  magnet. 
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which  most  be  both  powerful  and  very  compact.  An  early 
form  used  in  the  Stat«8  resembled  No.  82,  Fig.  108,  p.  168, 
but  inverted.*    More  modem  forms  have  four  poles  widi  vwy 
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ith  an  airangeiDeDt  for  hinging  the  yok»-£nme 
IS  shown  in  Fig.  346.  The  armatures  of  these 
te  represented  in  Fig.  217  in  act  of  being  wound. 
)  other  views  of  motor  armature  construction^ 
ai'e  given  graphically  the  results  of  some  tests 
treet^ar  motor  of  the  Westinghouse  Company 
,  at  500  volts.  It  will  he  seen  that  the  efficiency 
I  per  cent.    In  the  table  on  p.  543  are  given 


r.— Akmatdkes  in  Process  of  Constrdctiom, 

pecting  another  test  of  the  same  motor  when 
ts. 

vj  work  Messrs.  Mather  and  Piatt  make  a 
of  single-reduction  geared  motor,  as  shown  in 
twelfth  actual  size.  It  is  a  Gramme  armature, 
agnetic  circuit  steel  magnets,  suspended  at  or 
litre  of  gravity  by  a  free  suspension  and  earned 
nd  by  bearings  on  the  axle.  The  armature  is 
;lo3edby  casing,  and  the  gear  is  of  steel  with  teeth 
olid,  the  ratio  varying  from  3  :  1  to  4-5  :  1. 
Iway  Locomotive  Motors. — In  Plate  XX.  is 
ti  of  the  electric  locomotive  of  the  City  and 
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South  London  subway  railway,  with  two  50  H.P.  moton 
designed  by  Dr.  E.  Hopkinson  and  constructed  by  Messrs. 
Mather  and  Piatt.  Each  locomotive  weighs  about  10  tons, 
exerts  100  H.P.,  and  can  run  over  25  miles  per  hour.  Tbey 
are  seriea-wouud,  and  run  with  magneto  nearly  saturated.  The 
tractive  effort  with  100  amperes  is  1180  Iba.,  with  226 amperes 
3000  Iba.  Fourteen  of  these  locomotives  are  now  running, 
and  also  two  others  by  Siemens  of  a  pattern  in  which  the 
field-magnets  ai-e  relatively  more  powerful,  enabling  the 


Mather  and  Platt'b  StNOLK-EEDucnoN  Motor. 


armature  to  give  the  requisite  torque  with  less  cari-ent.  AL 
the  fourteen  locomotives  supplied  by  Mather  and  Piatt  are 
still  at  work,  having  been  in  service  since  18(tO,  and  having 
each  run  during  that  time  on  an  average  120,000  miles.  The 
principle  of  constructing  the  armature  directly  on  the  axle, 
which  Dr.  Hopkinson  inti-odnced  for  the  firat  time  on  this 
line,  baa  been  followed  in  all  cases  where  lai^e  powers  at 
comparatively  high  speeds  have  been  i-equired,  on  account  of 
its  simplicity,  efficiency  and  the  small  amount  of  wear  and 
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tear.  A  smaller  example  is  afEorded  by  the  20  H.P.  motoi 
nsed  in  the  Bessbrook  Tramway,  described  by  Dr.  Hopkinson,' 
which  ran  at  1000  revolutions  per  minute,  taking  100  amperes 
at  220  volts.  It  was  series-wound,  the  resistance  of  armature 
being  0112  ohm,  and  of  magnet  0-118  ohm.  The  nett 
efGciency  was  over  90  per  cent.  This  motor  is  reversed  by 
simpl}'  reversing  current  in  the  armature.' 

A  still  lai^r  example  of  solid  railway  work  is  afforded  by 
the  Liverpool  Overhead  Railway,'  the  electiical  machinery  of 
which  WHS  built  by  the  Electric  Construction  Corporation. 

The  largest  electric  locomotives  yet  made*  are  those 
designed  by  the  Geneml  Electric  Company  of  Schenectady, 
for  the  Baltimore  and  Ohio  Railraad.  Each  locomotive 
weighs  95  tons,  and  has  on  it  four  motoi-s  each  of  400  H.P. 
They  are  operated  at  600  volts,  and  exert  theirmaximum  pull 
of  47,500  tbs.  when  running  at  15  miles  per  hour,  the  current 
then  being  2700  amperes.  The  motors,  of  the  6-pole  tj-pe, 
are  grouped  two  in  series.  The  generating  stfltion  will  con- 
tain four  10-pole  600  kilowatt  direct-driven  dynamos  ovo 
compounded  from  600  to  700  volts. 

Pulsating  motor*. — The  early  type  adopted  by  Page, 
Hjoi-th  and  others,  with  a  reciprocating  movement,  has  been 
revived  in  recent  yeara  for  motora  for  the  special  purposes  of 
operating  liamniera  or  drills.  In  1879,  Wenier  von  Siemens  ^ 
produced  a  mining  drill  in  which  a  continuous  current  and 
an  alternating  current  of  slow  period  were  combined  to  pro- 
duce a  reciprocating  movement  without  a  commutator.  In 
1880  Marcel  Deprez'designedan  electric  hammer  for  foi-ging, 
having  a  plunger  of  iron  to  be  drawn  up  and  down  in  a  cylin- 
drical coil  wound  in  sections,  into  which  the  currentwas  suc- 
cessively led  by  a  commutator.  Atkinson  has  lately  designed 
a  pulsating  motor  of  remarkable  novelty  for  mining  drills. 

^  Fror.  Imt.  CMl  J^nyineers.  ici,  part  i.,  1RH7-8,  , 

*  For  a  full  description,  see  Railway  IVorld,  Auffust  ISOSL 

■  See  psper  by  J.  H.  Greathewl,  before  Iron  and  Sleet  IntOtitte,  Liverpool 
BepL  20,  161)2.     Sre  also  Eiec  RerAeui,  sxzil.  151. 

*  See  Enginferinfi,  July  10,  lS9i 

»D,R.  Patent,  No.  94(19  of  187S  (see  vol.  !i.  .^10  of  Siemens'  Arbeiten). 

*  La  Lttmfire  £lectrique,  Ix.  44.  1683 
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CHAPTER  XXII. 


THE  PRINCIPLES   OF   ALTERNATE  CURRENTS. 

alternate-current  working  the  current  is  rapidly  reversed, 
^^  ^^*^g  and   falling    in   a  succession    of  pulses    or   waves. 
^*^^otricity   is  in  fact  oscillating   backwards  and   forwards 
^^iJ^ough  the  line  with  enormous  rapidity,  under  the  influence 
^^  a  rapidly-reversing  electromotive-force.     The    adjectives 
^^hernate^  o%c%llatory^  periodic  undulatory^  and  harmonic  have  all 
been  used  to  describe  such  currents.     The  author  would  prefer 
^%  \/QVin  wave-currents  ^i&  being  both  shorter  and  more  apposite. 
The  properties  of  alternate  currents  differ  somewhat  from 
those  of  continuous  currents.     They  ai-e  affected  not  only  by 
the  resistance  of  the  cii-cuit  but  also  by  the  magnetic  reaction 
commonly  called  self-induction  or  inductance  ;  the  inductance 
of  the  circuit  having  a  choking  effect  on  the  alternating  cur- 
rents, diminishing  the  amplitude  of  the  waves,  retarding  their 
phase  and  smoothing  down  their  ripples.  They  are  also  affected 
by  the  capacity  or  condenser  action  of  the  circuit.     If  a  con- 
denser is  placed  in  an  electric  circuit,  it  completely  blocks  the 
flow  for  continuous  currents ;  but  alternating  currents  can 
oscillate  into  and  out  of  itd  electrodes  as  though  the  condenser 
allowed  them  to  pass  through.  On  account  of  these  peculiarities 
some  preliminarj^  account  of  alternating  currents  is  needed. 

If  a  coil  of  suitable  form  is  placed,  as  in  Fig.  350,  between 
the  poles  of  a  magnet,  and  spun  around  a  longitudinal  axis,  it 
will  have  currents  generated  in  it  which  at  each  semi-revolu- 
tion die  away  and  then  reverse.  In  the  figure  the  coil  of  wire 
is  supposed  to  be  so  spun  that  the  upper  portion  comes 
towards  the  observer.  In  that  case,  the  arrows  show  the  direc- 
tion of  the  induced  currents  delivered  to  the  circuit  through 
the  agency  of  two  contact  rings  (or  slip-rings)  connected 
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tespectiveljr  to  the  ends  of  the  coil,    tn  the  position  shown, 
the  current  will  be  delivered  to  the  left-hand  ring,  and  retains 
&i>m  the  circuit  to  the  right-hand  ring ;  hut  half  a  turn  later 
it  will  be  flowing  to  tha 
-  right-hand  ring  and  i-e- 
turning  from  the  circuit 
back  to  the  left-hand 
ring.  Fig.  350  is,  infact, 
aprimitive  form  of  alter- 
nator, generating  a  sim- 
pleperiodicallyreveraed 
or  alternating  current  • 
and  is,  in  fact,  the  kind 
of  alternator  known  as  a 
"magneto-ringer,"  used 
FiQ.  8S0.  for  bell  service  in  tele- 

phone sets.  The  simple 
revolving  coil,  by  cutting  the  lines  of  the  magnetic  field,  sets 
up  periodic  electromotive-forces,  which  change  at  every 
half-turn,  giving  rise  to  alternate  currents.  In  each  whole 
revolution  there  will  be  an  electromotive-force,  which  lises 
to  a  maximum  and  then  dies  away,  followed  immediately 


by  a  reversed  electromotive-force,  which  also  grows  to  a 
maximum  and  then  dies  away.  The  wave-form  depicted 
in  Fig.  851  serves  to  illustrate  this.    The  heights  of  the 
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c^Tirve   above   the  horizontal   line  represent  tlie  momentary 
"^^ues  of  the  electromotive-forces ;  the  depths  below,  in  the 
is-^cond    half  of  the   curve,   represent  the   inverse   electro- 
aauotive-forces    that    succeed   them.      Each    such   complete 
^et   of   operations   is   called   a  period^   and   the   number  of 
^>eriods  accomplished  in  a  second  is  called  the  frequenct/  or 
jcferiodicity   of   tlie   alternations,   and   is   symbolized  by  the 
letter  n.     In   2-pole  machines  n  is  the  same  as  the  number 
of    revolutions  per  second ;  but  in  multipolar  m.ichines  n  is 
'i"cater,   in   proportion   to   the   number   of   paii-s   of   poles, 
lus,  in  an  8-pole  field  with  four  north  poles  and  four  south 
des  around  a  centre  there  will  be  produced  four  complete 
riods  in  one  revolution,     If  the  machine  revolves  15  times 
second   (or  900   times  a  minute)  there  will  be  60  periods 
second,  or  the  periodicity  will  be  60.     By  revolving  in  a 
i:iiform  field  the  electromotive  forces  set  up  are  proportional 
the  sine  of  the  angle  through  which  the  coil  has  turned 
'om  the  position  in  which  it  lay  across  the  field.     If  in  this 
fition  the  flux  of  magnetic  lines  through  it  were  N»  ^"^  ^J^© 
tnnber   of  spirals   in  the  coil  that  enclose  the  N  lines  be 
lied  S,  then,  as  was  shown  on  p.  173,  the  value  of  the  in- 
^  ^^ocd  electromotive-force  at  any  time  t  when  the  coil  has 
^•^xied^  through  angle  6»=2  n  n  t  will  be 


A 


\' 


v 


1 


Ee  =  2nnS  N  sin  ^  -^-  108, 


"writing  D  for  2  :r  w  S  N  /  10^,  we  have 

E(?  =  D  sin  0. 


n   actual  machines  the  magnetic  fields  are  not  uniform, 
the  coils  simple  loops,  so  the  periodic  rise  and  fall  of  the 
cjtromotive-forces  will  not  necessarily  follow  a  simple  sine 
The  form  of  the  impressed  waves  will  depend  on  the  shape 


1 


If  n  is  tbe  number  of  revolutions  per  second,  2  tt  71  will  be  the  total  angle 

radians)  turned  through  in  one  second.     Hence,  the  angle  turned  through 

Ich  we  call  ^),  in  any  short  time  t  will  be  equal  to  t  times  2  tt  n.     For 

mple,  if  n  =  15,  2  TT  n=94*2  radians  per  second,  and  during,  say  one- 

tieth  of  1  second,  the  angle  passed  over  will  be  1  'IS  radians,  or  about  67^. 


V. 
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of  tlie  poUr  faces,  and  on  the  form  and  bi'eadth  of  the  coils. 
But  in  most  cases  we  are  su£Gciently  justified  in  afiauming 
tliat  the  impressed  electromotive-force  follows  a  sine  law,  so 
that  the  value  at  any-instant  may  be  expressed  in  the  above 
form,  where  D  is  the  miiximum  value  or  amplitude  attained 
by  E,  and  "  an  angle  of  phase  upon  an  imaginaiy  circle  of 
reference.  As  diagrams  of  lines  revolving  around  a  centre  are 
much  used  in  explaining  alternate-cun-eiit  actions,  the  follow- 
ing explanation  •  should  be  most  carefully  followed.  Consider 
a  point  P  revolving  clockwise  round  a  cirele  (Fig.  351).  If  the 
radius  of  this  circle  be  taken  as  unity,  P  M  will  be  the  sine  of 
the  angle  9,  as  measured  from  0°.  Let  the  circle  be  divided 
into  any  number  of  equal  angles,  and  let  the  sines  be  drawn 
similarly  from  each.  Then  let  these  sines  be  plotted  out  at 
equal  distances  apart  along  the  horizontal  line,  as  in  Fig.  351, 
giving  us  tlie  sine  curve. 

Now,  the  use  that  we  make  of  this  diagram  is  this.  We 
know  that  as  time  goes  on,  the  value  of  tlie  electi-omotive- 
force  is  changing  fmm  instant  to  instant.  To  find  it«  value 
at  any  jmiticular  instant,  we  treat  time  as  if  it  were  an  ever- 
increasing  angle;  we  take  the  number  of  seconds  or  the 
fraction  of  a  second,  tliat  Itas  elapsed  since  a  certain  instant  t^ 
(when  the  electi-oraotive  force  was  zero),  and  multiply  it  by 
2  -  n,  then  considering  this  as  an  angle  expressed  in  radians, 
the  sine  of  this  angle  multiplied  by  D  gives  us  in  volts  the 
electromoti  ve-foi-ce  for  the  particular  instant.  It  will  tlierefoi-e 
be  seen  that  the  point  P,  in  revolving  uniformly  round  the 
circle  in  Fig.  351,  represents  the  lapse  of  time.  If  we  consider 
it  revolving  at  such  a  speed  that  it  passes  through  2  rjimdians 
in  one  second,  then  the  perpendicular  P  M  represents  (to  some 
scale  or  other)'  the  electromotive-force  at  any  particular 
instant.  Now  taking  the  horizontal  line  0°-360°  to  repre- 
sent time  (to  some  convenient  scale),  it  is  evident  that  after 
the  lapse  of  the  time  measured  by  the  distance  from  0"  to  M 
the  electromotive-force  has  the  value  M  P ;  and  in  the  same 
way,  at  any  other  instant,  the  electromotive-force  is  repre- 

'  Those  wlio  are  not  fmnlUar  with  the  problems  of  simple-h&nuonic  motions 
should  consult  some  motleni  treatlseof  theoretiolmechanlcioatbesnbjeet. 
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sented  by  the  perpendicular  drawn  from  that  point  in  the  line 
which  represents  the  instant  to  the  sine  curve  shown  in  the 
figure.  In  Fig.  S51,  one  revolution  of  P  around  the  circle  of 
reference  corresponds  to  one  complete  alternation  or  cycle 
of  changes.  The  value  of  the  electromotive-force  (whicli 
varies  between  4-  D  and  —  D  as  its  maximum  values)  may 
be  represented  at  any  moment  either  by  the  sine  P  M  or  by 
projecting  P  on  to  the  vertical  diameter,  giving  O  Q.  As 
P  revolves,  the  point  Q  will  oscillate  along  the  diameter. 
We  may,  therefore,  without  drawing  our  sine  curve  at  all, 
merely  consider  a  line  O  P  (di-awn  to  some  scale  to  represent 
D)  as  revolving  round  O,  and  take  its  projection  O  Q  at  any 
instant  as  the  electromotive-force.  Such  a  diagram  is  known 
as  a  clock  diagram. 

The  currents  which  result 
from  these  periodic  or  alter- 
nating electromotive-forces 
are  also  periodic  and  alter- 
nating; they  increase  to  a 
maximum,  then  die  away  and 
reverse  in  direction,  increase, 
die  away,  and  then  reverse 
back  again.  If  the  electro- 
motive-force completes  100 
such  cycles  or  reversals  in 
a  second,  so  also  will  the 
cunent. 

There  is  yet  another  way  of  representing  periodic  varia- 
tions of  this  kind — namely,  by  a  diagram  akin  to  that  used 
by  Zeuner  for  valve-geare.  Let  the  outer  circle  (Fig.  352)  be 
as  before  a  circle  of  reference  around  which  P  revolves.  Upon 
each  of  the  vertical  radii  describe  a  circle.  Then  the  lengths 
such  as  O  Q,  cut  off  from  the  radii,  represent  the  correspond- 
ing values  of  the  sine  of  the  angle.  If  a  card  with  a  narrow 
slit  cut  radially  in  it  were  made  to  revolve  over  this  figui-e, 
the  intersection  with  the  two  inner  circles  would  show  the 
varying  electromotive-forces  in  various  positions. 

The  reader  who  desires  to  pui-sue  the  graphic  study  of 
K.-V0I.  4 
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these  matters  farther  should  codbdU  the  excellent  treatise  of 
Prof.  Fleming,'  or  that  of  Mr.  Blakesley,'  and  sandiy  papers 
bjr  Mr.  Kapp.*  Bedell  and  Crebore,^  devote  a  whole  chapter 
to  the  xabject.  In  the  case  of  real  machiaes  in  which  the 
magnetic  fields  are  not  uniform,  nor  the  coils  simple  loops, 
the  peiiodic  rise  and  fall  of  the  electromotive-forces  will  not 
necessarily  follow  a  simple  sine  law.  The  form  of  the 
impresuc'l  waves  will  depend  upon  the  shape  of  the  polar  faces, 
and  on  llie  form  and  breadthof  the  coils.  Consider  thecase, 
of  a  macliine  in  which  the  field-magnets  consist  of  a  double 
crown  of  opposing  poles  (as  in  the  machines  of  Siemens, 
Ferranti,  Mordey,  etc.).  If  the  armatnre  coils  and  magnet 
cores  are  lx>th  of  circnlar  foi'm,  and  equal  in  diameter,  as  the 
eoila  approach  the  polar  ends  of  the  cores  they  will,  it  is  time, 
gradually  enter  the  field,  and  the  number  of  lines  cut  by  tlie 
coil  (luring  equal  displacements  will  gradually  increase  and 
become  a  maximum  when  the  axis  of  coil  and  core  coincides, 
and  from  that  point  it  will  again  decrease,  almost  in  a  sine 
law ;  the  greatest  mte  of  cutting  being  when  the  edge  of  the 
coil  is  opposite  the  centre  of  the  core ;  hut  if  coil  and  core  be 
rectangular  in  outline,  tliegreatestrate  of  cutting  in  each  wire 
will  be  when  one  edge  of  the  coil  is  passing  the  etlge  of  the 
pole.  In  this  case  the  sine  law  cannot  be  true  for  the  electro- 
motive force.  In  order  to  test  whether  in  any  given  dynamo 
the  rise  and  fall  of  electromotive-force  and  of  current  in  the 
armature  coils  conforms  to  the  law  of  sines,  exjieiiments  are 
necessary.  Jouhert,  in  order  to  measure  the  currents  of  a 
Siemens  dynamo,  employed  an  electrometer  tnetliod,  and 
took  off  the  current  at  any  desired  phase  by  a  special  com- 
mutator, and  found  an  approximate  curve  of  sines.^     Another 

'  Fleming,  Tht  Alternate  Current  Tromfornin-,  Loixlon,  1889.      Also  • 
paper  od  Polar  Diagrams,  £[eclriciaa,  xxxv.  43. 
'  Ulakesley,  Alternalmi/  Currenli  of  Etictririty,  Lomlon,  18S9. 

•  Kapp  on  "Alternate  Ciirrent  Machinery,"  Froc.  Iniit.  Ciril  Bnfffnperjt, 
18Se.  pt.  ill.        *  Bedell  and  Crehore,  AUematinfi  Curmtta,  London.  1393. 

*  For  referencei  aa  to  modern  Tsrietiea  of  thii  metliod  see  p.  712.  During 
recent  years  many  exptrimcntal  metlioUs  have  been  given  for  determining  tbe 
shape  of  the  curve  followed  hy  the  TariaHons  of  allernating  electTomotire- 
ftjrce* and  currents.  TheK^dersbouldeonsnHthe  methods  panned  bjKyan, 
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ockethod,  applicable  also  to  direct^urrent  machinee,  due  to 
A4r.  Mordey,  is  described. 

Id  Fig.  S58  are  given  four  curres  for  a  half-period.     Of 
't^kese  one  is  a  sine-carve,  the  other  thi-ee  from  actual  alter- 

»».»tora,showing  how  nearly  they  agree  with  a  true  sine-curve. 

I7he  one  which  agrees  most 

»"»  «arly  is  that  of  the  Mordey 

alternator,    which   lies   just 

"^^ithin  the  sine-curve  nearly 

'fclroughout  its  whole  extent. 

'-»."tie  curve  is  usually  more 

f>eaked  id  machines  which 

Isave  the  coils  sunk  between 

Sjron  teeth  and   have   much 

KM.nnature-reactioR.      In    the 

,^t<iagani  generators  they  are, 

^csntliei'.ontniiy,  rather  flatter- 

-•iopped  and  broader  than  true 

^a  ine-curves.     We   are   then 

^s^nfficiently  justified  in  assuming  that  the  impressed  electro- 
^cnotive-foi'ce  follows  a  sine  law. 

"  VxTluaX  "  Vdlit  and  Amperet, — Alternate  current  volt- 
'Vaietei'S  and  alternate-current  amperemeters  do  not  measure 
-^mer.  Intt.  Bite.  Sagineert,  18SS  And  1889  ;  Also  Electrician,  xxir.  SOS, 
-'SOO;  Bedell,  Miller  ftiid  Wagner,  jliner. /lul.  Etec.  Enii!iittrr*,x.p.MO  i 
■^^emliig,  Electrician,  sulv.  400,  507,  1RI»  ;  L.  Duncan,  ibid,  fin  ;  Hicka, 
'^^^.  698.  Flemlnit'a  method  Is  appltcftble  to  determine  the  fonn  of  Ihe 
dii-reiit  ciure  ml  any  part  of  a  circuit.  See  also  a  paper  bj  Barr,  Bumie 
*1rt  Rotlgers,  Electrician,  xxxv.  719. 

Some  controversy  arose  In  the  columns  of  the  Electrician  and  of  the 
■^tsctrieal  World,  in  the  aatumn  of  1694,  as  to  whether  thpre  was  any  a<I- 
'"*»»t«ge  in  alternators  giving  a  alne-cune.  Fleming  has  since  found  that 
•^**-tain  transformers  worked  with  a  distinctly  higher  etBciency  when  oper- 
*'^<i  by  an  alternator  giving  a  peaked  curve  than  when  operated  hy  one 

Sivinga  nearly  pure  sine-curve  for  the  elect romotive-force.    On  the  other 

"*Od,  thia  tomi  appears  to  be  undesirable  for  motor- running.     As  a  matter 

^*^  fact,  the  form  of  the  current  curve  depends,  not  only  on  the  construction 

*^'  the  alternator,  but  also  upon  Uie  modifying  Influences  of  capacity  and 

*^lff-liidiiction  In  the  circuit     The  presence.  In  the  circuit,  of  Iransfor.ners 

^*^  Ui  iron  corM  and  of  molon  will  modify  the  curve  ;  and  the  modification 

^•"•ll  specially  depend  on  the  degree  of  saturation  to  which  the  Iron  cores  are 

^"^-t-ried  at  each  cycle.    A  paper  by  Barr,  Beeton  and  Taylor,  iB  the  JCiec- 

****  <ian,  XXXV.  257,  286,  Is  of  great  importance. 
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the  arithmetical  average  values  of  the  volts  and  of  the  amperes. 
They  measure  what  are  called  virtual  volts  and  virtual  amperea. 
In  ft  Caidew  voltmeter  the  heating  of  the  wire  depends  on 
the  square  of  the  current.  In  an  electro-dynamometer  the 
torque  depends  at  every  iirstant  on  the  product  of  the 
currents  in  the  fixed  and  movable  parts ;  therefoie,  when 
used  as  an  amperemeter,  depends  on  the  square  of  the  current. 
The  attraction  (or  repulsion)  in  electrostatic  voltmetera  is 
pi'opoi'tional  to  the  square  of  the  volts.  The  readings  which 
these  instruments  give  us,  if  first  calibrated  by  using  steady 
currents,  are  not  true  means,  but  are  the  square  roots  of  the 
means  of  the  squares.  Now  the  mean '  of  the  squares  of  the 
Bine  (taken  over  either  one  quadrant  or  a  wliole  circle)  is  i  ; 
hence  the  square-root-of-mean-square  value  of  the  sine 
functions  is  got  by  multiplying  their  maximum  value  by 
1-f.  ^/^or  by  0-707.  But*  the  arithmetical  mean  of  the 
values  of  the  sine  is  0-637.  Hence  an  alternating  current,  if 
it  obey  the  sine  law,  will  pioduce  a  heating  efifect  greater 
than  that  of  a  steady  current  of  the  same  average  strength,  by 
the  ratio  of  0-707  to  0-637;  i.e.  about  1-1  times  greater.  If 
a  Cardew  voltmeter  is  placed  on  an  altei-nating  circuit  in 
which  the  volts  are  oscillating  between  maxima  of  -f-  100  and 
-  100  volts,  it  will  read  70-7  volts,  though  tlie  arithmetical 
mean  is  l«ally  only  63-7 ;  and  70-7  steady  volts  would  be 
required  to  produce  an  equal  reading. 
The  term  virtual^  haa  been  used  to  denote  these  square- 

>  See  proo/,  p.  658. 
*  Or  more  atricUy 


if.- 


Blned9='— ^^ 

irhence,  Itb  =-  ,  the  average  \s  z. , 

*  I  adhera  to  the  term  virtual,  which  was  in  use  before  the  term  ^caea 
which  waa  recommemled  in  1880  by  the  Paris  Congress  to  denote  Uie  square- 
roolrof-mean-Bquare  value.  I  adhere  to  it  maitily  because  tlie  adjective 
ffffUve  la  rei[u[red  in  Us  usual  meaning  in  klneniatica  to  represent  the  re- 
Mlved  part  of  a  force  wliich  acts  obliquely  to  the  line  of  motion,  (he  effect- 
ive force  being  the  whole  force  multiplied  by  tlie  cosine  of  the  uigle  al 
which  it  acts  with  respect  to  the  directiou  of  motion. 
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•— ootrof-mean-square  values.    If  an  altemate-cun*ent  ampere* 

XKieter  reads  100  amperes,  that  means  that  the  current  really 

x-ises   to  -f-  141-4  amperes  and  then   revei*ses  to  —  141*4 

niperes ;  but  the  heating  effect  and  the  amount  of  power 

.delivered  are  the  same  as  if  the  current  were  100  continuous 

mperes,  and  therefore  such  a  current  would  be  described  as 

00  virtual  amperes. 

It  may  be  remarked  in  passing  that  the  virtual  electnv 

otive-force  of  a  dynamo  wound  for  alternate  currents  will 

lierefore  be  1*1  times  higher  (compare  p.  689)  than  that  of 

le  same  dynamo  wound  as  a  continuous-current  dynamo  of 

iie  same  currentrcarrying  capacity;  or  will  be   2*2  times 

igher  if,  while  the  same  wire  is  used,  the  alternator  is  not 

'K-e-enti-ant,  but  forms  a  single  circuit. 

The  distinction  between  virtual  and  maximum  values  is 
miDportant  since  certain  effects — for  example  the  tendency  to 
fierce  insulation  with  a  spark — depend  on  maximum,  not  on 
"^^irtual  values.  For  example,  if  an  electrostatic  voltmeter 
^•eads  10,000  volts ;  the  maximum  value  (supposing  the  law 
of  variation  a  sine  law)  will  be  14,142  volts.  If  the  curve  is 
Tore  peaked  than  that  of  the  sine  curve,  the  maximum  will 
l>e  higher. 

TJ%e  of  Clock  Diagramn. — In  these  polar  diagrams  the 
^Qiperes  or  the  volts  that  are  undergoing  periodic  cycles  of 
change  are  represented  by  the  projection  on  some  given  line 
C^u  this  book,  the  projection  on  a  vertical  line  is  taken)  of  a 
-■-^iie  supposed  to  revolve  about  a  centre.  Such  diagrams  are 
^f  so  frequent  use  in  the  study  of  alternating  currents  that  a 
*e\v  further  points  about  them  are  given. 

Differences  of  phase  are  in  the  clock  diagram  represented 
vy  differences  of  angular  position.  For  example,  if  two 
^^volving  pointers  O  V  and  O  C  (Fig.  854)  are  going  round 
^t  the  same  rate,  but  always  one  a  little  behind  the  other, 
^liey  will  not  come  to  their  respective  maximum  at  the  same 
stant.  Projecting  them  upon  the  vertical  line  we  see  that 
the  moment  when  O  V  has  revolved  so  far  that  the  angle  of 
l>osition  is  0^  its  projection  will  have  the  value  O  v ;  while 
't'Ke  other  pointer,  which  lags  behind  by  an  amount  measured 
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by  the  angle  t  (=V  O  C),  has  for  its  value  as  projected,  the 
length  O  e.  When  O  v  gets  to  its  maximum  (that  is  when 
V  arrives  at  the  top),  O  c  will  still  be  behindhand.  Tlie 
values  of  the  two  projections  are  O  u  =  O  V  .  sin  0 ;  and 
O  tf  =  O  C  sin  (fl  —  f ).  The  angle  ♦  is  the  difference  ofpkate. 
To  add  together  two  different  alternating  quantities — for 
instance  two  electromotive-forces — that  have  the  same  period, 
it  is  not  sufficient  simply  to  add  their  numerical  values. 
For  instance,  if  there  are  two  coils  in  series  in  a  circuit  in  one 
of  which  there  is  being  induced  an  alternating  electromotive- 
force  of  40  volts,  and  in  the  other  an  alternating  electro- 
motive-force of  30  volts  (both  having,  let  us  say,  the  same 
frequency  of  100  periods  per  second),  the  total  electromotiTe* 


force  will  not  be  70  volts  unless  the  two  electromotive-forces 
happen  to  be  exactly  "  in  phase."  If  there  is  any  difference 
of  phase  between  them  the  resultant  will  be  less  than  70 
because  they  do  not  come  to  their  maxima  at  the  same  time. 
To  ascertain  the  value  they  have  when  added  together  we 
must  apply  the  principle  of  summation  of  vectors  with  which 
every  engineer  is  familiar  in  the  ordinary  compounding  of 
forces  by  constructing  a  pai-allelogram. 

Let  O  P  and  O  Q  represent  two  electromotive-forces,  of 
the  same  period,  but  with  a  phase  difference  between  thera  of 
POQ  which  we  may  call  angle?*.  Completing  the  parallelo- 
gram by  drawing  P  R  equal  and  parallel  to  O  Q,  we  get  the 
resultant  O  R  which  repiesents  the  relative  magnitude  and 
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^:>2iaBe  of  the  resultaat  revolving  vector.    The  projection  O  r 
f  this  line  will  alwajr8  be  equal  tothesuineof  the  projections 
p  and  O  9  of  the   two   components.      Now,  by  oidinarj 
eometry  we   have   O   R  =  f/Q  P*  +  O  Q^l-  2  P  Q^cos"^. 
his  is  obviously  a  maximum  when  ^  =  zero.     For  instance 
±  in  the  above  example  O  P  =40,  O  Q  =  30,  and  ^  =  37°. 
-%  will  be  found  that  the  resultant  O  R  is  66*6. 

If  the  two  components  ai*e  at  right  angles  to  one  another, 
n  the  diagram  one  will  have  its  maximum  at  the  instant 
^hen  the  other  has  its  minimum.     They  are  then  said  to  be 
Ji  quadrature^  or  as  some  electricians  say,  in  quarUr^kamm 
f  they  are  equal  in  themselYes  the  resultant  will  be  greater 
^^han  them  in  tlie  proportion    f^  to  1.    For  example,  the 
iMnesultant  of  two  alternating  electro- 
:aniotive-forces  of  equal  period,  of  100 
vii-tual)  volts  each,  that  are  in  quad- 
tore,  is  141-4  (virtual)  volts. 
ProdmeU  of  Periodic  Pututunu, — 
uppose  we  have  two  periodic  funo- 
^OQs — say  two  currents,  or  a  current 
-c^nd    an    electromotive-f oitse  —  both 
^Varying  with  the   same   periodicity, 
^^Hit  having  different  amplitudes  and 
^  difference  of  phase  between  them. 

-l-et  one  be  called  p  =  O  P  sin  ^;  the  other  g  =  O  Q  sin  i5; 
^v^faere.  O  P  and  O  Q  are  their  respective  maximum  values 
C^s  in  Fig.  356),  and  f  the  angle  of  phase-difference  between 
^bem  equal  to  d — /5.  Now,  suppose  we  want  to  find  the 
^^ean  value  of  the  product  p  q.  This  product  will  itself  vary, 
^>U.t  noi  as  a  sine  function,  and  therefore  is  incapable  of  being 
-^^^(iresented  as  a  line  revolving.  It  will  at  certain  instants — 
^onr  times  in  each  cycle — have  zero  values,  for p  comes  twice 
^o  zero,  and  q  comes  also  twice  to  zero.  It  will  also  have 
^^^gative  values  when  either  p  or  g  is  negative.  Its  mean 
^^^^f%.lue  will  be  the  mean  of  all  Uie  values  of  the  product  during 
complete  cycle* 
At  the  instant  shown  the  product  will  be  p  5  =  O  P .  OQ 
9  •  COS  fi.    A  quaiteivperiod  later  the  two  lines  O  P  and 
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O  Q  will  stand  to  the  axis  —  O  Y  in  the  same  relaticaiB  as  they 
DOW  stand  to  the  axis  O  X,  and  the  product  (being  positive) 
will  then  be 

py  =  OP.OQ3infl.8in^. 
Taking  the  mean  of  these  two  values,  we  have 

ff-^P''^    =}OP.OQ(co80.oo8^  +  8iQ0.8inft 
=  JOP  .OQcos  (9— j9) 
=  i  O  P  .  O  Q  cos  t. 

Now  this  is  obviously  independent  of  the  actual  position  of  t 
or  of  ^ ;  that  is  to  say,  for  every  position  the  mean  of  the 
value  between  that  position  and  the  position  at  right  angles  ia 
the  same  all  the  way  round.  Hence  this  value  is  the  required 
true  mean  value  of  the  product. 

We  shall  make  use  of  this  theoi-em  later. 
A  geometrical  construction  to  illustrate  the  above  is  given 
in  Fig.  357.     Let  O  P  and  O  Q  represent  the  maximum  values 
of  two  periodic  functions  a.s  having  phase-difference  the  angle 
♦  or  P  O  Q.     Turn  either  of  them  (in  this  case  O  P)  through 
a   right  angle  so  that   it   occupies   the 
position   O  S,  then  complete  the  paral- 
lelogram 0  Q  T  S,  and  draw  the  triangle 
O  Q  S,     The  area  of  the  parallelogmra 
is  equal  to  O  P  .  O  Q  cos  ♦,  and  the 
area  of  the  triangle  is  equal  to  J  O  P.O  Q 
cos  0,  and  therefore  represents  the  mean 
Fig.  857.  product. 

A  further  deduction  is  of  use.  Sup- 
pose ji>  and  ^  to  be  identical;  we  shall  then  obtain  the  mean 
value  of  the  square  of  the  periodic  function  by  writing  O  Q  ^ 
O  P  and  9^  o ;  so  that  cos  ^  =:1.    Tlien  we  get, 

mean  value  of  p'  ^  i  O  P*. 

In  other  words,  the  mean  value  of  the  square  of  the  siue  is  ]. 

Lag  and  Lead. — Alternating  currents  do  not  always  keep 

in  step  with  the  alternating  volts  impressed  upon  the  circuit. 

If  there  is  inductance  in  the  circuit  the  currents  will  lag;  if 
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t;liere  is  capacity  in  the  circuit  they  will  lead  in  phase.  Fig.  358, 

illustrates    the    lag    produced  by  inductance.     The    curve 

xxiarked  V  represents  the  alternating  volts  ;  that  marked  C  is 

-fc^lie  current  curve.    Distances  measured  from  O  along  the 

l:ftorizontal   line  represent  time.     These   curves  are  in  fact 

i^imilar  to  what  would  be  obtained  if  curves  were  plotted  from 

fig.  854  in  the  same  way  as  that  plotted  in  Fig.  351,  the 

points  V  and  C  being  taken  instead  of  the  point  P.     The 

impulses  of  current,  represented  by  the  blacker  line,  occur  a 

X  ittle  later  than  those  of  the  volts.     But  inductance  has  another 

effect  of  more  importance  than  any  retardation  of  phase ;  it 

produces  reactions  on  the  electromotive-force,  choking  the 

ouiTent  down.     While  the  current  is  increasing  in  strength  the 

Inactive  e£Eect  of  inductance  tends  to  prevent  it  rising.     To 


Pig.  358.— Curve  op  Current  Laooino  behind  Curve  op  Volts. 


uce  a  current  of  40  ampei-es  in  a  I'esistance  of  1^-  ohms 

^:Duld  require — for  continuous  currents — an  E.  M.  F.  of  60 

^^Its.     But  an  alternating  voltage  of  60  volts  will  not  be 

ough  if  thera  is  inductance  in  the  circuit  reacting  against 

e  voltage.     The  matter  is  complicated  by  the  circumstance 

t  the   reactive  impulses  of  electromotive-force  are   also 

Vit  of  step :  they  are,  in  fact,  exactly  a  quarter  period  behind 

e  current. 

The  Heaction  of  Inductance, — We  have  seen  that  every 
^Xarrent  is  surrounded  with  a  whirl  of  magnetic  lines  all  along 
'^'ts  length,  the  number  depending  on  the  permeability  of  tlie 
^"^>edium,  and  the  distance  between  the  going  and  returning 
ires.  If  the  circuit  consists  of  coils  whose  convolutions  lie 
^ar  one  another,  the  whirls  or  loops  of  magnetic  lines 
longing  to  one  part  of  the  circuit  will  enclose  another  part 
the  circuit ;  so  that  whenever  the  current  is  growing  or 
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dying  away  these  loops  of  magnetic  lines  will  be  cutting 
across  some  other  part  of  the  circuit.  In  fact  there  will  be 
self-induction^  and  the  amount  of  cutting  of  magnetic  lines 
that  goes  on  when  unit  current  is  turned  on  or  off  (and  which 
we  may  call  the  coefficient  of  self-induction,  symbol  L)  will 
be  proportional  to  the  square  of  the  number  of  spii'als  so 
reacting ;  or  L  is  proportional  to  S^.  The  presence  of  an 
iron  core  helps  the  magnetic  field  due  to  each  convolution  to 
thread  itself  around  all  the  other  convolutions.  If  the 
sectional  .area,  length  and  permeability  of  the  magnetic  cii^ 
cuit  in  question  are  A,  I  and  ix  ;  then  L  =  4  x  S  ^/x  -^  10*  Z; 
where  the  factor  10^  is  introduced  because  the  unit  of  induc- 
tion, the  henry^  is  chosen  to  correspond  to  the  ohm  and  other 
units. 

So  then  whenever  in  a  circuit  having  an  inductance  L,  the 
current  is  growing,  there  will  be  a  self-induced  electromotive^ 
force  reacting  and  tending  to  prevent  the  current  growing » 
and  the  magnitude  of  this  will  be  proportional  both  to  L  and 
to  the  rate  of  change  of  the  current.  If  an  alternate  current 
of  C  (virtual)  amperes  is  flowing  with  a  frequency  of  n  cycles 
per  second  through  a  circuit  of  inductance  L,  the  reactive 
electromotive-force,^  will  be  2  ?r  w  L  C  (virtual)  volts.  If,  for 
example,  L  =  0*002  henry,  n  =s  60  periods  per  second,  and 
C  =  40  amperes,  the  reactive  electromotive-force  will  be  26*1 
volts.  Now,  if  we  wish  to  drive  the  40  (virtual)  amperes  not 
only  through  the  resistance  of  IJ  ohms  but  against  this 
reaction,  we  shall  require  more  than  60  volts.  But  we  shall 
not  require  60  -f-  25-1  volts,  since  the  reaction  is  out  of  step 
with  the  current.  Ohm*s  law  is  no  longer  adequate  by  itself 
as  a  guide.     To  find  out  what  volts  will  be  needed  we  must 

1  This  is  CHlcnIated  as  follows.  By  definition,  L,  the  coefficient  of  self- 
induction,  or  inductance,  represents  the  amount  of  self-enclosing  of  magnetic 
lines  by  the  circuit  when  the  current  has  unit  value  ;  when  current  haa- 
value  C  the  number  of  lines  enclosed  is  C  times  L.  And,  as  the  self-induced 
electromotive-force  is  proportional  to  the  rate  of  change  of  this  number,  we 
may  write  E  »  L.  dC  /  dU  Now  C  is  assumed  to  be  a  sine  function  of  the 
time  having  Instantaneous  value  Co  sin.  2  tt  n-t ;  where  Cq  is  the  maximum 
value  of  G.  Differentiating  this  with  respect  to  time  we  get  (iC/dt«2^ 
n  Co  cos  2v  nU  The  "  virtual"  values  of  cosine  and  sine  being  equal  we 
have  for  E  the  value  2  n-  n  L  C,  but  differing  in  phase  from  the  cuirent 
bv  a  !>  neriod. 
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calculate,  either  by  algebra,  or  by  geometry ;  and  for  greater 
simplicity  we  will  have  recourse  to  geometry. 

Geometrical  Investigation  of  the  Law  of  Alternate  Owr^ 
rents, — Plot  out  (Fig.  359)  the  wave-form  O  A  6  rf,  to  cor- 
respond to  the  volts  necessary  to  drive  the  cuiTent  thiough 
the  resistance,  if  there  were  no  inductance.  The  ordinate  a  A 
may  be  taken  to  scale  as  60.  This  we  may  call  the  R  C 
curve.  Then  plot  out  the  curve  marked  — ^  L  C  to  represent 
the  volts  needed  to  balance  the  reaction  of  the  inductance. 
Here  p  is  written  for  2  *  n.    The  ordinate  at  O  is  25*1 :  and 


Fig.  359. 


the  curve  is  shifted  back  one-quarter  of  the  period :  for  when 
the  current  is  increasing  at  its  greatest  rate,  as  at  O,  the  self- 
inductive  action  is  greatest.  Then  compound  these  two  curves 
by  adding  their  ordinates,  and  we  get  the  dotted  curve,  with 
its  maximum  at  V.  This  is  the  curve  of  the  volts  that  must 
be  impressed  on  the  circuit  in  order  to  produce  the  current. 
It  will  be  seen  that  the  current  curve  attains  its  maximum  a 
little  after  the  voltage  curve.  The  current  lags  in  phase 
behind  the  volts.  If  O  <l  is  the  time  of  one  complete  period 
the  length  v  a  will  represent  the  time  that  elapses  between 
the  maxima  of  volts  and  amperes.  In  Fig.  360  the  same  facts 
are  represented  in  a  revolving  diagram  of  the  same  sort  aa 


562 


DynamO'Electric  Machinery. 


Fig,  354,    The  line  O  A  represents  the  working  volts  R  X  C, 
wliiUt  the  line  A  D  at  right  angles  to  O  A  represents  the 
BelMnduced  volts  ^  L  C.    Compounding  these  as  by  the 
triangle  of  forces,  we  have  as  the 
impressed  volts  the  line  O  D.     The 
projections  of  these  thi'ee  lines  on  a 
vertical  line  while  the  diagram  re- 
volves  around   the  centre  O  give 
the    instantaneous   values    of    the 
three  quantities.    The  angle  A  O  D, 
or   ^t   hy  which  the    current    lags 
behind     the     impressed    volts,    is 
termed  the  angle  of  lag.     However 
Fio.  860.  great  the    inductance  or  the    fre- 

quency, angle  *  can  never  be 
greater  than  90°.  If  O  A  is  60  and  A  D  is  25-1,  O  D. 
will  be  65  volts.  In  symbols,  the  impressed  volts  will  have 
to  be  such  that  E«  =  (R  C)«  X  (p  L  C)«.  This  gives  us  the 
equation  : 

c  =  __!=_ p.] 

The  denominator  which  comes  in  here  is  commonly  called* 
the  impedance.  Comparing  tliis  with  the  law  for  continuous 
currents,  namely 

«  =  !• 

we  see  that  the  effect  of  the  inductance  is  to  make  the  circuit 
act  as  if  its  resistance,  instead  of  being  R,  was  increased  to 
V  B^  -\-  ^  L^,     In  fact  the  alternate  current  is  governed,  not 

'  The  Cermfrnpedance  strictly  me&ii a  the  ratio  of  any  Impressed  eleclro-mo- 
tive-force  to  the  current  whicli  it  produci^s  in  a  conductor  (see  I^odge's  Jtfod- 
ern  Vifv>»,  p.  39R),  of  which  the  above  is  only  one  case.  For  steady  current* 
the  impedance  Is  stmply  the  resistance.  For  variable  currents  It  may  bo 
made  up  of  resistance,  of  inductance,  and  (if  the  circuit  has  electrostatic 
capacity),  of  permittance,  in  various  projHirtions  according  to  Ihe/orm  of  tliB 
variation.  For  true  periodic  currents  obeying  the  sine-law  tlie  Impedance  Is 
the  square  root  of  the  sum  of  tlie  squares  of  resistance  and  Inductance.  For 
currents  which  vary  more  suildenly  the  impedance  villdepend  mora  on  aelf- 
inductlon  and  less  on  resistance. 
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by  the  resistance  of  the  circuit,  but  by  its  impedance.  The 
equation  tells  us  the  magnitude  of  the  current,  but  not  its 
phase. 

In  Figs.  361  and  862  the  angle  of  lag  is  seen  to  be  such 
that  tan  ^=jt?LC/RCor==yL/R.  The  current  is  lagoring 
as  if  the  angle  of  reference  were  not  6  but  0  —  ^,  so  that  rne 


pLC 


uation  for  Cf  the  instantaneous  value  of  C  at  the  moment 
hen  E  =  D  sin  6^  is 


D  sin  (e  —  ^) 


[IL] 


This  is  Maxwell's  law  ^  for  periodic  currents  as  retarded 
•J  inductance.     As   amperemetera  and  voltmeters  take  no 

count  of  phase  but  give  virtual  values,  the  simpler  form 
receding  is  usually  sufficient. 

The  relation  between  resistance  and  impedance  is  readily 
ot  from  the  triangle  in  Fig.  362  ;  for  clearly  the  angle  ^  is 
xich  that 


sm  ^  = 


cos  0  = 


tan  0  = 


R 

|/R2+J02L2' 

p  L 

IT* 


If  we  prefer  we  may  substitute  for  the  impedance  in  the 
^denominators  of  the  preceding  equations  its  value  R  /  cos  ^. 
The    equations    established    above   hold   good,   whether 

'  The  analytical  proof  is  given  at  the  end  of  the  present  Chapter,  p.  573. 
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maximum  or  virtual  values  are  used.    For  example,  we  may 
write 

Maximum  C-^'JiSLS; 
impedance 

Maximum  C  ^""''.'"""'^XM  »i 

resistance 
and 

Virtual  C=™5"-"'^i 
impedunce 
or 

Virtual  C=™'°"'-?-X  cos  ». 
resistance 

The  clock  diagrams  of  revolving  lines  niaj-  be  drawn  either 
with  maximum  or  virtual  values. 

Effect  of  capacity. — When  an  elect lomotive-force  is  applied 
to  a  condenser  the  current  playe  in  and  out,  charging  the 
condenser  in  alternate  directions.  As  the  current  runs  in  at 
one  side  and  out  at  the  other,  tlie  dielectric  becomes  charged, 
and  tries  to  discharge  itself  by  setting  up  an  opposing  electro- 
motive-force. Its  opposing  potential  rises  just  as  its  charge 
increases.  A  mechanical  analogue  is  afforded  by  the  bending 
of  a  spring,  which  as  it  la  being  bent  exerts  a  back-force 
pi-oportional  to  the  amount  of  bending  to  which  it  has  been 
subjected.  When  a  periodic  force  is  applied  to  a  spring  the 
elasticity  of  the  spring  tends  to  hasten  the  return  movement. 
In  like  manner  the  electric  elasticity  of  a  condenser  tends  to 
hasten  the  return  flow  of  the  current 

The  effect  of  capacity  introduced  into  an  alternate  current 
circuit  is  to  produce  a  lead  in  the  phase  of  the  current,  since 
the  reaction  of  a  condenser,  instead  of  tending  to  prolong  the 
current,  tends  to  diive  it  hack.  The  student  must  clearly 
distinguish  between  the  case  of  capacity  in  series  with  a 
circuit  and  the  case  of  capacity  in  parallel  with  a  bi-anch  of  a 
circuit.  What  is  said  here  refers  to  capacity  in  series,  that  is 
to  say,  the  conductor  of  the  circuit  is  actually  cut  and  the 
ends  joined  to  a  condenser  so  that  no  current  can  flow  except 
into  and  out  of  the  condenser.    If  the  capacity  is  iu  parallel 
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bi-anch  of  a  circuit,  and  we  are  considering  wliat  happens 
bmnch  when  thei*e  is  a  given  alternating  pressure  at 
3s,  the  capacity  in  parallel  has  no  effect  at  all.     If  we 
ly  given  the  pressuro  at  some  other  pjxrt  of  the  circuit, 
't.he  problem  becomes  more  complex  and  involves  the 
ances  of  the  circuit's  various  branches.     Returning  then 
simple  circuit  with  a  condenser  in  series,  the  smaller 
pacity  of  the  condenser  the  more  does  it  react.     The  re- 
is  therefore  written  as  —  1  '  pKy  being  negative  and 


Fig.  863. 


Fio.  864. 


ly  proportional  to  K  (the  capacity  in/aracf*)  and  to  p; 
he  angle  ^  will  be  such  that  ^  =  —  1    jt?  K  R.     The 

lance  will  be   i/ll^T'l  >  K^^     Figs.  363  and  364  show 
nstruction  that  is  applicable  in  this  case. 
Tboth   inductance  and  capacity  are  present,  tan  6    =3 
1  /  />  K)  /'  R ;  the  reactance  will  he  ph  —  lip  K ; 

e  impedance   f/  R^4-  (^pL  —  1  .^  K)^.      This  is  illus* 
by  Fig.  865,  in  which  the  triangle  for  finding  ♦  is 
by  setting   out    p    L   at 
angles     to     R    and    then 
^iDting  from  je?  L  a  part  equal 
"  pK. 
e    same    construction    may 
plied  to  a  circuit  containing 
resistances,    inductances 
apacities. 

ce  capacity  and  inductance   produce  opposite  effects, 
can  be  used  to  neutralize  one  another.     They  exactly 
ce  if  L  =s  1  /  j^^  K.     In  that  case  the  circuit  is  non- 
^c^tive  and  the  currents  simply  obey  Ohm's  law. 


Fig.  865. 
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It  will  be  seen  that  if  in  a  circuit  there  is  little  raeistaDce 
and  much  reactance,  the  current  will  depend  almost  exclu- 
sively on  the  reactance.  For  example,  if  p  {=  2  jt  n)  were, 
say,  1000  and  L  =  10  henries,  white  R  was  only  1  ohm,  the 
resistance  part  of  the  impedance  would  be  negligible,  and  the 
law  would  become 

pL 

The  current  would  iaj/  by  almost  90". 

Self-induction  coils  with  large  inductance  and  small  resist* 
ance  are  sometimes  used  to  impede  alternate  currents,  and 
are  called  choking  coils,  or  impedance  coils.  This  formula  is 
wanted  for  calculating  alternate-current  electrom^nets ;  for 
their  appai'ent  resistance  is  almost  entirely  due  to  inductance. 

If  the  cunent  w^re  led  into  a  condenser  of  small  capacity 
(say  K  =  y'„  microfarad,  then  1  f  pK  ^  10,000),  the  current 
running  in  and  out  of  the  condenser  would  be  governed  only 
by  the  capacity  and  frequency,  and  not  by  the  i-esistance,  and 
would  have  the  value— 

G  =  EpK, 

and  its  phase  will  lead  by  almost  exactly  90°. 

A  capacity  acting  laterally  across  the  circuit,  as  when  a  con- 
denser is  placed  across  the  two  mains,  has  theeSectof  increasing 
the  flow  of  current  from  the  dynamo  up  to  the  points  on  the  cir- 
cuit whichareconnectedtoit,  and  therefore  of  raising  the  virtual 
potentials  of  those  points,  thereby  affecting  the  voltage  of  the 
rest  of  the  circuit.  There  is,  for  a  given  frequency,  resistance 
and  self-induction,  one  particular  value  of  capacity  whicii  would 
enormously  increase  the  current  and  voltage  a^  by  a  sort  of  reao- 
ncmce.  These  various  condenser  effects  bave  been  considered  by 
various  writers.  A  very  clear  exposition  of  them,  together  with 
the  phenomena  observed  on  the  Ferranti  mains  on  the  Deptford 
supply  has  been  given  by  Fleming.' 

Mean  Power. — The  power  cannot  be  calculated  by  simply 
multiplying  togetlier  the  volts  and  the  amperes  as  with  con- 
tinuous currents  ;  for  when  there  is  any  difference  of  phase 
f  Journal  Inai,  Electr.  Engineern,  xx.  302. 1691. 
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tjfypar&iit  watts  so  calculated  are  always  in  excess  of  the 
atts.     We  have  seen  on  p.  558  that  the  mean  product 
periodic  functions  is  equal  to  half  the  product  of  their 
:num   values   multiplied  by  the  cosine  of  their  phase 


Vol 


ince :  or 
ean  power  (true  watts)  =  ^  E,^  x  C«ax  X  cos  f. 

=-^X%XCOs^ 

V  2       V2 

=  E^  X  C^  X  cos  ^. 

way  of  dealing  with  this  is  to  consider  the  pixxluct 

cos  ^  as  the  resolved  part  of  the  volts  that  is  in  phase 

"^he  current,  and  therefore  equal  to  C^  X  R.     Hence  we 

"^?vrite  the  mean  power  (true  watts)  as  C^^i^  R.     That  is 

,  if  the  resistance  of  the  circuit  is  a  plain  non-inductive 

nee  (such  as  a  load  of  lamps,  or  a  water  resistance)  the 

i?vatts  spent  in  it  are  found  in  the  usual  way  by  the  C^R 

There  is,  however,  another  way  of  regarding  the  matter 

ows. 

t-le88  Current, — Whenever  there  is  a  great  phase  difference 
n  volts  and  current  (whether  a  lag  due  to  self-induction  or 

due  to  capacity),  the  true  watts  are,  as  has  already  been 
:*-d  out,  much  less  than  the  apparent  value  that  would  be 
ed  by  merely  multiplying  together  the  virtual  amperes  and 
rtual  volts.  For,  as  we  have  seen,  this  product  must  be 
T  multiplied  by  the  cosine  of  the  angle  of  lag  (or  lead), 
here  are  two  ways  of  looking  at  this  matter,  the  product 
Cytit  X  cos  9  may  be  regarded  as  either  the  product  of  the 
1  amperes  into  the  resolved  part  (or  effective  part)  of  the 

volts,  or  it  may  be  regarded  as  the  product  of  the  virtual 

nto  the  resolved  part  of  the  virtual  amperes.    Just  as  any 

"^may  be  resolved  into  two  component  forces  at  right  angles 

another,  so  any  alternating  current  may  be  resolved  into 

mponent  alternating  currents  differing  90°  in  phase.     Or  C 

resolved  into  two  parts,  C  cos  9  agpteing  in  phase  with 

Its,  and  C  sin  9  in  quadrature  with  the  volts.     These  two 

ed  parts  of  the  current  may  be  termed  the  icorking  cur- 

nd  the  watt'lesa  current.     In  Fig.  366,  O  E  represents  the 

Lve  part  of  the  impressed  electromotive-force  O  A.     Of  0  E 
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apart  O  I  is  found,  by  dividing  by  R  (p.  569),  to  re|««8eiit  tfat 
current  C.  Of  thiseurrent  the  resolved  part  O  W,  in  phase  with 
O  A,  is  the  working  current,  and  the  part  O  U,  which  is  in  quad- 
rature with  O  A,  is  the  watt-less  current.    Whenever,  for  either 

cause,  the  angle  of  lag  is  great,  the  watt-less 
part  of  the  current  will  be  great  also.  For 
example,  when  transformers  are  left  on  open 
circuit,  the  current  in  the  primary  is  nearly 
in  qu^rature  (owing  to  self-induction)  with 
the  impressed  volts,  and,  if  it  were  not  for 
/  )C!    ^  hysteresis  or  eddy-currents  in  the  iron  cores, 

/  /  ^SvJS>  would  be  almost  entirely  watt-less. 

*    *    ^       •  For  example,  if  there  is  a  current  of  100 

Aa  866.  virtual  amperes  lagging  14^  behind  the  in*' 

pressed  volts,  this  may  be  resolved  into  a 
working  current  of  97*03  virtual  amperes,  and  a  watt-less  cur- 
rent of  24*!^  virtual  amperes. 

Measuremevit  of  Altemate-cmireni  Power, — ^Tbe  oonaideia^ 
lions  above  show  that  this  is  a  matter  for  cai*e.  If  there  is  no 
phase^ifference  between  volts  and  amperes,  the  apparent 
watts  are  the  same  as  the  true  watts ;  and  in  that  case  ampere- 
meter and  voltmeter  may  be  used.^  But  if  there  is  a  phase 
difference  a  suitable  wattmeter  must  be  used ;  the  usual  form 
being  an  electrodynaraometerspecially  constructed  so  that  the 
high-resistance  circuit  in  it  shall  be  non-inductive. 

Numerical  Ex€tmple : — ^Let  an  impressed  electromotive-force  of 
65  (virtual)  volts,  alternating  with  a  frequency  of  50  periods  per 
second,  act  upon  a  circuit  having  resistance  1*5  ohms,  and  a  cck 
efficient  of  self-induction  of  0*002  henry.  Find  the  lag,  the  cur* 
rent,  and  the  mean  power. 

To  find  the  lag,  we  must  find  the  inductance,  2  ^  n  L,  and  di- 
vide this  by  the  resistance  ;  or 

tan0=2irnL-rR  =  2X  3*1416  X  60  X  0-002  -r  IB  «  0-419. 
Looking  in  a  table  of  natural  tangents,  we  find  that  ^  will  be 
22**  44'  ;  whence  a  table  of  natural  cosines  gives  us  cos  ^  ==  0-922d. 

1  Those  who  are  not  familiar  \rith  this  subject  should  coosnk  the  writings 
of  Mr.  Biakesley  or  those  of  Prof.  Fleming.  Tiie  three-dynamometer  meth* 
od  of  Biakesley,  the  three-voltmeter  method  of  Ayrton,  and  analogous 
methods,  are  all  of  value.  Fleming  in  Journal  Inst,  Electr,  Engineers^ 
XX I.  594,  1892,  has  after  much  experience  given  preference  to  a  simple 
wattmeter  method. 
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might  calculate  cos  ^  directly  as  R  -r-   i^R^  +4  ««  n*  U. 
COB  ^  into  the  65  volts,  we  get  59  95,  say  eo,  as  the 
virtual  volts,  and  dividing  by  the  resistance  gives  40 
mmperes  as  the  current.    The  mean  power  is  65  X  40  X 

2400  watts, 
etrically  ttiis  is  given  in  Fig.  367. 

A  be  65  to  any  scale,  the  impressed  (virtual)  volts.  De- 
circle  of  radius  O  A,  and  the  semicircle  O  E  A.  Draw 
ght  angles  to  O  A.  On  O  B  set  off  O  R  on  any  conveni- 
«  of  resistance,  O  1  being  taken  as  1  ohm.  Using  same 
t>  off  O  S  or  R  F  at  right  angles,  equal  to  the  inductance 
=  0-628.     Join  OF.     R  O  F 


:i^le  of  lag.     Draw  E  O  at 
.^les  to  0  F,  cutting  semi- 
IE.     E  O  A  is  also  angle  of 
c^«  E  O  represents  effective 
"v^olts  ;  and  A  E  the  cross- 
i.  <3tive-force   of    self-induo- 
"9^  L  0.     Join  E  R  and  from 
L     C  parallel  ;  C  O  will  rep- 
^  current.     As  O  B  is  O  A 
irough  a  right  angle,  the 
-triangle  B  O  C  =  i  O  A. 
A  O  C  =  i  mean  power 

^^re  some  reasons  why  it  is 

^  that  the  induction  curves  of  alternators  should  follow  the 

(but  see  p.  712  as  to  effect  of  wave-form  on  transformer 

-^3?-).     According  to  the  well-known  theorem  of  Fourier, 

^^^xnplex  single- valued  periodic  function  can  be  analyzed 

"%io  a  series  of  simple  periodic  functions  differing  in  ampli- 

^  phase,  but  all  belonging  to  a  harmonic  series,  having 

i^ies  that  are  some  exact  multiple  of  a  single  fimdamental 

^y.     Every  complex  wave-curve  maybe  regarded  as  built 

:«ie-curve8.     For  example,  the  curve  shown  in  Fig.  368 

^  ooked  upon  as  a  compound  of  the  two  dotted  sine-curves,, 

^^  frequency  three  times  that  of  the  other.     Now,  if  this 

c:    curve  represents  the  impressed  electromotive-force  of 

lator  with  curiously-shaped  poles,  what  will  the  curve  of 

electromotive-force  (or  of  current)  be  when  self-induc- 

X>:resent  ?    The  amplitude  is  cut  down  in  proportion  nearly 

'«quency  of  the  alternation.     Hence  the  component  ripple, 

ss  three  times  the  frequency,  will  be  damped  out  nearly 
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three  times  aa  much  tw  the  fundamental  wave.'  In  Fig.  369  are 
ebown  tbe  two  waves,  as  altered  by  a  lag  of  41°  which  cuts  down 
the  fundamental  toO'TS,  and  the  ripple  to  085  of  their  respective 
amplitudes  ;  the  resultant  wave  being  also  shown.  It  is  evident 
that  self-induction  tends  to  smooth  out  the  ripples,  including  all 
parts  of  the  wave  that  do  not  fit  to  the  sine-form.  Hence  thoae 
alternators  which  give  induction  curves  of  true  sine-form  are  leas 
affected  than  others  by  self-induction  in  the  circuit,  regulate 
better,  and  have  a  higher  plant  efficiency. 

High  Frequency  Altemaiione. — Alternations  of  very  high  peri- 
odicity, going  up  to  as  many  as  10,000  or  80,000  per  second,  have 
been  studied  by  Spottiswoode,*  and  more  recently  1^  Teela,*  who 


Fios.  868  and  869. 

has  obtained  some  very  remarkable  effects.  One  of  his  al tematom 
was  of  tbe  same  type  as  Mordey's,  having  numerous  polar  pro- 
jections ou  either  side,*  and  another  was  of  the  inductor  type. 
With  these  excessively  high  frequencies  the  currents  flow  almost 
«xchisively  along  the  surface  layers  of  conductors,  instead  d 
flowing  through  their  entire  cross-section  ;  even  straight  rods  oC 
«opper  offering  a  relatively  enormous  impedance. 


I  Much  attention  has  been  given  to  the  uialTtU  of  alteraate-cnirent 
arves  during  recent  years  by  Perry,  Ryan,  Fleming,  Bedell  and  others, 
*  Proc.  Roy,  Soc,  xiill.  A^.-i. 

'American    Inst.    EtecMenl    Knaliieers,   May,    1891.    See    Bltctrict^ 
P'oTtd.  xv\.  1801,  and  Tli€  Eleetri'-i-in,  xxvi.  510,  1891. 
••  See  Etectrical  Enyineer  (S.  Y.),  March  18, 1891. 
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Torque  of  Altematora, — A  very  singular  result  follows  the 
T  presence  of  any  lag  in  the  current  of  an  alternator.  It  was 
pointed  out  on  p.  487,  that  where  amperes  flow  with  the  volts, 
electric  energy  is  being  supplied  by  the  machine,  and  power 
must  be  applied  to  drive  it ;  but  that  when  amperes  flow  against 
a  counter  electromotive-force,  there  electric  energy  is  leaving  the 
circuit  and  being  turned  into  mechemical  energy,  helping  to 
drive  the  machine.  The  one  is  the  case  of  the  generator,  the 
other  that  of  the  motor.  But  now  consider  an  alternator  with 
the  cunperes  lagging  behind  the  volts,  as  indicated  by  the  dia- 
gram of  Fig.  870.  It  is  clear  that  in  consequence  of  this  lag  the 
amperes  are  flometimes  flowing  against  the  volte  instead  of  wtA 


Fio.  870.— EFFBcrr  of  Lag  of  Ccbbent. 


them.  In  fact,  we  may  divide  each  complete  period  such  as  O  X 
into  four  parts,  during  two  of  which,  nf^mely  II.  and  IV.  in  Fig. 
870,  the  amperes  and  volts  are  alike  in  direction,  either  both  pos- 
itive, or  else  both  negative  ;  during  the  other  two  parts — namely 
I.  and  III. — ^the  amperes  and  volts  are  opposed  in  direction  be^- 
cause  the  volts  have  reversed  in  sign,  but  the  lagging  amperes; 
have  not  yet  changed.  Now,  during  the  partial  periods  II.  and  IV,, 
when  there  is  agreement  in  sign,  the  machine  is  in  the  condition 
of  being  a  generator,  and  will  require  to  be  driven,  the  currents- 
in  the  armature  setting  up  a  counter  torque.  But  during  the 
other  partial  periods  I.  and   III.,  when  there  is  opposition  in 
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Erign,  the  macliiae  is  in  the  coodition  of  being  a  motor,  aad  will 
tend  to  drive  itself,  tbe  torque  helping  it  on.  The  conductors  are 
oonsequentt?  subjected  to  a.  racking  action,  alternately  resisting, 
being  driven  and  then  lidjiing  to  drive  twice  in  each  period.  It  ia 
dear  that  if  there  is  litUe  lag  there  will  be  little  motor  action, 
tbe  partial  periods  I.  and  III.  being  brief  ;  whereas  if  there  is 
much  lagthe  motor  action  will  increase.  If  there  is  log  of  exactly 
a  quarter  of  a  period,  the  motor  and  generator  actions  will  ho 
equal.  Similarly,'  \i  in  conaequeoce  of  capacity  the  current  leads 
in  phase,  there  will  be  motor  action  in  partial  periods.  This  sub- 
ject may  be  considered  in  another  way.  The  electromotive-forces 
change  sign  just  as  the  conductors  are  passing  (Fig.  371),  frwn 
one  magnetic  field  to  another,  where  the  lines  nui  in  an  opposite 
direction.  IE  the  currents  are  in  phase  with  the  electromotive- 
forces,  they  will  always  tend  to  oppose  the  motion  that  generates 


them,  and  will  reverse  when  the  conductor  passes  into  the  reversed 
field  as  at  a,  a.  But  if  the  currents  lag,  the  force  exerted  by  the 
field  will  help  on  the  motion  of  those  conductors  which  have' 
passed  from  one  field  to  the  other  until  such  time  as  the  currents 
have  reversed  at  h,  6. 

It  follows  that  when  t.iere  is  a  difEerenee  of  phase  between 
volts  and  amperes,  tlie  mean  power  in  a  cycle  is  equal  to  the 
difference  between  the  power  which  it  gives  out  daring  the 
partial  periods  II.  and  IV.,  and  the  [wwer  which  it  receives 
back  fi-om  the  circuit  duiing  the  partial  periods  I,  and  III.  If 
tbe  phase  difference  is  less  than  90"  the  machine  acta  on  the 
whole  as  a  generator.  If  it  is  more  than  90°  the  machineacts 
as  motor  on  the  whole.     If  two  alternators  are  coupled  in 
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aeries,  one  to  net  ts  geD«mta 
■will  be  nearly  in  phase  witli  t 
and  almost  exactly  opposed 
other-     This  question  is  rest 

AKAI^YTICAL  'RtEATtlENT  (N 
AlAVBHAT] 

Seginning  with  the  case  of 
such  an  angle  6  (meaBured  froi 
■^'^'liere  it  stands  right  across 
^>n«jlotie8  the  whole  number  of  i 
tlae  magnetic  circuit.  When  i 
tiou,  we  may  write 

N.-i 

■^'^liere  Ni  is  the  amount  of  fli 
"tliispiisition. 

To  get  a  complete  account  ol 
«?oiiflide ration  the  number  of  t. 
<^  ii.it  hy  itnelf.' 

If  current  C  flow  through  i 
induction  or  inductance  is  L,  t 
ciiit  will  be  equal  to  L  times  C 

1  Neumann's  m*theni*ti(»t  InvMi 
B*'lMniluption  of  tlie  circuit  In  rel 
M'ai  liiiblislieJ  In  1315,  but  BelMiuli 
«t.iid<M)  by  Henry  anil  by  Faraclay. 
Other  maibeniiWical  InvettlgBiloi 
b«en  giren  by  Weber  la  hia  Elvkt 
*>  J  the  following  ^— 

Koosen,  Pog^f.  Ann.,  Ixxxvli,  38t 

Le  RotK.  Ann.  Chim.  Phy».  18], 

Clerk  Maxiivll,  Phil.  Tr-i„t.  ISfti 

T.  Kohlraiineh,  Pneif,.  Ann.,  cxlv 

Jamin  and  Richaril,  Ann.  C'Mm. 

Joubert,  Ann.  de  Creole  Norm 

^t  Fhyxiqw,  s.  II.  t.  11.  p.  Mt.1,  lir»3 

Lonl  Kayleigh,  Phil.  Mag.,  May, 

HopkinBon,  Lecture  at  Instit.  Cir 

"  Jour.  finr.  Tth'jr.  E 

"  Proe.  Bitg.  Soe.,  Fel 

AbMtaeti  of  the  moct  Important ' 

<*a  tb«  AttentaU  Ctnrmt  Trmu^at 
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eect  the  total  amount  of  enclosing  of  magnetic  linee  by  the  con- 
volutiona  of  the  circuit. 

But  we  know  that  if  there  ie  a  current  C  in  the  circuit,  we 
ought  to  write  the  equation  in  full — 

N,  =S,  N  cose  +  LC.  [11.] 

Now  we  know  that  any  variation  in  Ni  will  set  up  induced 
electromotive-force,  and.  that  at  any  moment  the  electromotive- 
force  will  have  the  value 


,rfN. 


[IIIO 


where  we  use  the  negative  sign  to  show  that  an  increase  in  Ni  will 
produce  an  inverse  or  negative  electromotive- force.  Any  change 
in  Ni  >  from  whatever  source  arising,  will  eet  up  electromotive- 
force.  In  the  absence  of  armature  reactions  the  only  quantities 
whose  variations  contribute  to  the  variations  of  Ni  are  9  and  C. 
The  angle  of  position  9  varies  from  0  to  2  t  (radians)  ;  that  is 
to  say,  from  0°  right  round  to  360°,  and  then  recurs ;  and  its 
cosine  therefore  fluctuates  between  1  and  —  I.  The  current  C 
varies  also  from  a  certain  maximum  value  +  Cmm.  to  an  equal 
negative  value  —  Cmax-  We  will  neglect  all  the  variations  of 
the  other  quantities,  not  because  these  variations  would  not  be 
instructive — for  that  would  be  quite  untrue— but  because  of 
their  lesser  practical  importance.    Then  we  have 

E rfN  =  _  rf(S,  NCOS" +  1-0) 

Now  suppose  that  while  the  armature  loop  has  turned  through 
the  angle  0,  the  time  occupied — a  small  fraction  of  a  second —  is  t. 
Also  take  T  to  represent  the  time  taken  for  one  revolution  ;  so 
that  if  there  were  n  revolutions  *  per  second,  T  will  be  1  /  n  of  a 
second.  Then  obviously  "  will  be  the  -^  part  of  a  whole  revolu- 
tion, and  as  there  are  2  >r  radians  in  a  circle,  the  angle  expressed 
in  radians  will  be 

where  p  is  written  short  for  2  t  n,  and  called  the  pulsation. 

'  For  multipolar  machines  the  number  of  aUemationa  la  more  numerous 
than  the  number  of  revolutions  In  proportion  to  the  numhers  of  pairs  of 
poles.     The  symbol  n  nlll  in  this  case  stand  for  altemationa  per  second. 
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Inserting  this  value,  and  performing  the  differentiation,  we  get 


dC 


[IV.] 


Consider  this  equation  carefully.  It  shows  us  that  when  the 
dynamo  is  on  open  circuit,  so  that  there  is  no  current,  then  self- 
induction  would  not  come  in  at  all.  The  negative  sign  also  indi- 
cates that  that  part  of  the  electromotive-force  which  is  due  to  the 
Belf-induction  opposes  the  other  part.  Now  write  D  for  the  group 
of  symbols  2  IT  n  8,  N.  Further,  we  know  that  that  part  of  the 
electromotive-force  which  is  effective  in  driving  the  current 
through  the  resistance  may  be  calculated  by  simply  applying 
Ohm's  law.  So  if  £«,  as  found  in  formula  [IV.],  be  the  nett  or 
effective  electromotive-force  at  the  time  f ,  we  may  write  £| »  BQ  ; 
whence 


RC,=  Dsine— L 


dt 


This  is  a  differential  equation  of  the  form 

tidy 
atf  +  o    -^-  =s  sm  p  X. 

d  X 

(See  Boole's  Differential  Eqttationa^  p.  38.) 
The  solution  is 

'.      Dcos^.  sin  (6 — rt  .  ^. 
0,= g — -^^ ^  +  «f 


[V.] 


where  ^  is  called  the  retardation  or  angle  of  lag^  and  has  the  value 
such  that 


tan  9  = 


In  the  second  term  of  the  expression  on  the  right-hand  side  of  the 
above  equation,  the  symbol  c  is  a  constant  of  integration,  and  e  is 
used  in  its  common  mathematical  sense  to  represent  the  number 
2*7182,  which  is  the  basis  of  the  Napierian  (or  hyperbolic,  loga- 
ritl)ms.  This  second  term  relates  only  to  the  irregularities  during 
the  first  starting  of  the  current,  and  dies  out  as  the  time  t  in- 
creases in  value.  The  phenomenon  of  inductive  rush,  sometimes 
noticed  when  current  is  suddenly  switched  on  or  off,  is  of  this 
nature.     In  general  the  exponential  term  may  be  omitted. 

We  have  therefore,  got  our  equation  for  the  current  at  time  t 
as  follows  : — 


; 
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Q^  ^  Doo8».gia(g— ») .  jyj  J 

which  should  be  compared  with  the  value  D  sin  9  -r  B  that  the 
current  would  have  i£  there  were  no  self-induction.  We  see  by 
comparing  the  two  exprrasione  that  our  current  still  follows  a 
eine-function,  but  it  is  the  sine-function  not  of  the  angle  0,  but  of 
the  angle  (C  —  f ) ;  that  is  to  say,  its  waves  lag  behind  those  of 
the  impressed  electromotive-force.  Also,  the  amplitude  of  the 
current  is  reduced,  because  everything  is  going  on  as  if  the  am- 
plitude of  the  impressed  electromotive -force  had  been  altered 
from  D  to  D  cos  ^  Or,  in  other  words,  the  effective  electromo- 
tive-fOTCB  is  equal  to  the  part  of  the  impressed  electromotive- 
force  afi  resolved  along  the  line  of  the  tagging  current.  If  we 
substitute  for  cos  f  its  value  R  /  v^*  +  p"  U,  we  reduce  the 
equation  to  the  form 

which  is  what  we  deduced  from  geometrical  considerations. 

To  establish  the  equations  for  tbe  case  of  a  circuit  possessing 
capacity  and  resistance  only,  we  may  proceed  very  simply  to 
calculate  what  impressed  electromotive-force  is  needed  both  to 
drive  the  current  through  the  resistance  and  to  charge  the  con- 
denser. Assume  C  =  Co  sin  P.  Let  the  condenser  of  capacity  K 
(farads)  have  a  charge  q  at  any  instant,  then  its  potential  will  be 
7  /  K,  and  the  corresponding  electromotive-force  needed  at  that 
instsnt  to  drive  the  current  will  be 

But 

H=fo  d  t  =  — Ic,  eoB  *,  where  '^ptM^axut. 

Substituting,  we  get 

KCgsmA L(leoae-*E. 


r  divide  both  sides  by 


r 


\ 
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can 


tanf 


— 1 


nc* 


v/r«+ 


T" 


Bnd 


OOSf- 


R 


O5 (coa f. sin 0— Bin 0.008 d)  =  E-r  \/R'+^^ 


Co  sin  (0—0 


E 


^R»+ 


p2Ka 


This  indicates  that  the  volts  will  lag  in  phase  behind  the  cur- 
rent ;  or  in  other  words,  the  current  will  lead  in  phase. 

Mean  Power. — The  mean  power  is  obtained  by  integrating  the 
power  during  one  period  £uid  dividing  by  that  period,  and  there- 
fore may  be  written 

II  ^e  square  the  expression  [VII.]  found  for  current  and  sub- 
stitute for  the  square  of  the  sine  its  mean  value,  viz.  |,  and  then 
multiply  by  R  we  get  as  the  mean  power  (in  watts) 


W  = 


This  expression,  by  a  well-known  algebraic  rule,  will  be  a  max* 
imum  for  variations  of  R,  when  R  is  such  that  the  two  terms  in 
the  denominator  are  equal,  or  when  the  resistance  equals  the  in- 
ductance. Under  these  circumstances  the  highest  lag  is  45®, 
But  though  this  is  the  condition  for  highest  plant  efficiency,  the 
regulation  is,  under  these  circumstances,  bad.  Hence  it  is  better 
to  use  such  a  machine  for  lesser  currents  than  those  which  would 
produce  so  great  a  lag. 


I  ■  i 


'I     i\ 
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Skin  Effect. — When  the  frequency  is  high,  there  is  a  tendency 
for  the  alternate  current  to  distribute  itself  unequally  through 
the  crosB-aection  of  the  conductor,  flowing  most  strongly  in  the 
surface  parts.  For  this  reason  it  has  been  proposed  to  use  hollov 
conductors,  or  flat  conductors,  rather  than  solid  round  wires. 
But  with  frequencies  not  exceeding  100  periods  per  second,  this 
tendency  is  negligibly  small  in  cdpper  conductors  under  one 
centimetre  in  diameter.  Where  the  conductor  is  large,  or  the 
frequency  high,  the  effect  may  be  judged  from  the  following  in* 
elancee  calculated  by  Professor  J.  J.  Thomson.' 

In  the  case  of  a  copper  conductor  exposed  to  an  electromotive- 
force  making  100  alternations  per  second,  at  1  centimetre  from 
the  surface  the  maximum  current  would  only  be  0'208  times  that 
at  the  surface ;  at  a  distance  of  2  centimetres  only  0'043  ;  and  at 
a  distance  of  4  centimetres  less  than  th  part  of  the  value  at  the 
surface. 

If  the  electromotive- force  makes  a  million  alternations  per  sec- 
ond, the  current  at  a  depth  of  one  millimetre  is  less  than  one 
six-millionth  part  of  its  surface  value. 

The  case  of  an  iron  conductor  is  more  remarkable.  Taking  the 
permeability  at  lOOO  and  the  frequency  at  100  per  second,  the 
current  at  the  depth  of  one  millimetre  is  only  013  times  the  sur- 
face value  ;  while  at  6  millimetres  it  is  less  than  one  twenty- 
thousandth  part  of  its  surface  value. 

»  Elementt  o/  the  Mathematical  Thtory  qf  EiectrUltji  and  Magitetimn 
(pMDbridge  Universily  Frese.) 
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CHAPTER  XXin. 


ALTERKATORS. 


1 


LTBBNATORS,  or  alternate-current  dynamos,  may  be  clas* 
d  in  three  sorts : — 

Those  with  stationary  field-magnet  and  rotating  arma- 


I.     Those  with  rotating  field-magnet  and  stationary  arma- 


^i 


II.     Those    with  both   field-magnet  part   and  armature 

t  stationary,  the  amount  of  magnetic  induction  from  the 

r  through  the  former  being  caused  to  vary  or  alternate  in 

Action  by  the  revolution  of  appropriate  pieces  of  iron,  called 

Alternators  may  also  be  classified  into  single-pJutse  and 
polyphase  according  to  whether  their  coils  are  so  arranged  that 
the  currents  all  rise  and  fall  in  them  at  the  same  instants,  or 
whether  they  have  two,  three  or  more  circuits  so  arranged  that 
the  currents  in  one  part  are  out  of  phase  with  those  in  another 
circuit.  The  frequency  used  in  practice  varies  between  25 
periods  per  second  to  100  or  sometimes  160  periods  per 
second ;  but  each  machine  is  expected  to  work  at  its  own 
proper  frequency.  The  symbol  w,  used  for  the  number  of 
revolutions  per  second  in  the  formulae  for  continuous-current 
dynamos,  is  also  used,  in  forniulse  for  alternate  currents  for  the 
number  of  periods  per  second,  as  it  corresponds  to  the  nunil)er 
of  complete  alternations  there  would  be  if  the  dynamos  had 
but  one  pair  of  poles.  For  arc  lighting  it  is  impracticable  to 
work  with  a  lower  frequency  than  40,  though  lower  frequencies 
are  quite  as  good  for  motor  driving.  The  higher  the  frequency, 
the  smaller  the  transformers  ;  but  very  high  frequencies  give 
trouble,  increasing  the  inductive  drop  in  the  mains.     As  it  is 
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requisite  in  alternate-cuirent  working  to  have  so  many  altep 
nations  in  every  second,  ami  as  meclianical  considerations 
forbid  very  high  speeds,  it  is  the  general  practice  to  make  this 
class  of  machines  multipolar,  with  a  considerable  number  of 
poles  of  alternate  polarity  arranged  symmetrically  around  a 
common  centre.  Tlie  number  of  symmetrical  poles  in 
machines  of  different  systems  varies  from  12  to  48  ot  more. 

Tlie  armatures  of  alternators  may  be  of  ring,  drum,  pole, 
or  disk  type ;  bat  the  grouping  of  the  wiitdin^Ts  is  in  general 
differ^it  from  that  wtich  wonld  be  adopted  ior  a  continoous- 
current  dynamo.  Tlie  field-magnet  being  malti[>oIar,  a  sectica 
of  the  armatare  winding  which  is  passing  a  N-pole  will  have 
currents  induced  in  it  that  circulate  in  an  opposite  sense  to 
tboee  induced  in  a  section  which  Is  at  the  same  moment 
passing  a  S-pole.  Hence  in  an  alternate-cnrrent  ring  the 
aoccessive  sectiona  must  be  either  wonnd  or  comiected  so  as 
to  ha  alteriiately  right-handed  and  Ieft>handed.  In  alteriiate- 
cnrreut  drams  the  sections  do  not  overlap  one  another  as  in 
otdioary  dittm  amstores ;  nor  do  they  overlap  in  alteniate- 
current  disk  ai-matures. 

S,it^  AmeAxaret. — 'Yim  ^rp^  was  mvented  in  1878,  almost 


simultaneottsly  by  Gramme  ^  and  by  Wilde,*  the  main  differ- 
ence between  them  being  that,  whilst  Gramme  rotated  his. 
'  Speciflcation  of  Paitnt,  OM  of  li*T8.  "  Ibid,  1228  of  1878. 
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#*1  ci— aaaagnet  within  alu'ge  stationaiy  riog,  Wilde  rotated  liia- 
r*'*S"-^fc-^»niaitui-e  within  an  external  system  of  in wai-dly -point ing^ 
f  *■  1  ■'^  I-  -TM.  lagriet  poles  (see  Fijr.  101,  No.  28).  WUeo  ring  aiTDiatures 

**^       »-»  =^ed  in  this  type   of     , 

^n«fc«:»ja,   they    murt    not  = 

**     ^■^■^^und    in    tlie    same  /. 

*"*™  "■»  -^r  ns  for  Gontimiou»- 
curx-^fc  »-3t  armatures.  H  the 
**^'-^^  =^»iTe  aectiona  are  to  i 
**  '-^ '^'"^^Qnected  up  in  aeries 
the»»  -«L.liey  must  be  wound  * 
**  **  ^  ^own  in  Fig.  372, 
glt^  *--»-».  ately  with  rights 
W*-  *^X  ,^a  a,ia  left-liauded 
^^'*-  *^  i  ngs.  If  all  tlie  sec- 
U^^^*^       are    coiled    right- 


Fio.  374.— Simple  Bipolar 

RLSG  AI.TER.NATOR. 


^iV*^<\^aij.^  then  tliey  must 

\fi  ^'^imected  assliowu  in  Fig.  373  ;  for  the  electromotive-force 

V"*     ^^^ed  in  a  coil  as  it  inissoa  under  a  N-pole  will  circulate 

(V^     ^*nd  the  armature  core  in  aw  opposite  direction  to  that  in- 

A^^*ieU  in  tlui  neighbouring  coil  that  is  passing  umtera  S-poIe. 


FtQ.  375.— RlXO-ARMATUItE  PaSAUAL  WmmtO  VOB  AiaSIRATOB. 


If  a  Gramme  ring  wound  in  the  ordinary  way  is  connected 
down  to  slip-rings  from  two  points  at  opposite  ends  of  s 
diameter,  it  will  yield  an  alternating  current  when  revolved 
in  a  bipolar  field,    lu  a  multipolar  field  the  i-ing  will  need 
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multipolar  connections  alternately  at  points  corresponding  to 
the  pitch  of  the  poles.  In  this  case,  Fig.  375,  the  various 
sections  of  the  ring  are  all  in  parallel. 

A  diagram  of  the  Gmmme  alternator  is  shown  in  Fig.  376. 
The  sections  of  the  winding  of  this  machine  were  four  times 
as  numerous  as  the  poles,  and  might  be  coupled  to  feed  four 
separate  circuits.  It  is  clear  that  the  revolving  poles  would 
come  past  the  four  adjacent  sections  successively,  so  that  the 
four  alternating  currents  generated  would  differ  in  phase  from 
one  another.     Gramme's  was  in  fact  a  polyphase  machine* 


Fig.  376.— Gramme  Alternator. 

One  form  of  Gramme  alternator,  designed  for  use  with 
Jablochkoff's  candles,  had  four  separate  circuits  differing  45® 
in  phase  from  each  other.  Another  ring  alternator,  by  De 
Meritens,  with  permanent  steel  magnets,  was  a  favorite  about 
1879.  A  ring  armature  with  external  magnet  is  used  by 
Messrs.  Ernest  Scott  and  Mountain. 

In  Kapp's  early  alternator  depicted  in  the  former  edition 
of  this  book,  the  ring  lies  between  a  double  crown  of  field- 
magnet  poles.  Other  ring  alternatoi-s  have  been  designed  by 
Rankine  Kennedy,  who  uses  a  diseoidal  ring  between  alter- 
nately-spaced alternate  poles  within  an  iron-clad  magnet ;  and 
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V  JV^ordey,  who  has  suggested  a  form  with  two  Pacinotti  rings, 
''o^         Jaminated,  as  armature,  one  non-laminated,  as  field- 

-^^  V— lAw  Armaturet. — So  far  as  the  active  wires  are  concerned, 

''iG:y-      itiay  be  coupled  up  quite  as  effectively  without  being 

*'*^*-"  -»'^<3  around  a  ring  core. 

'»»     '^^i^^.  877,  which  is  a 

*^^**'S'*~*».inniatic  picture  of 

tlio        «i*»rly  Westinghouse 

»lte«T»-»a^tor,  the  wiiulinga 

^'       <=»xi  tlie  outside  of  a 

"^  ^'  "^*  *■  core ;   the  sections 

"*  -^Kb"  coiled    sepamtely 

"■poraiy  frames  and 

^laid  upon  tlie  sui^ 

-  •  f  the  core,  with  the 


face 


tlie  turned  down  over     ^^    877.— Earlt  Fohm  of  WBOT»a 

^^^^    lid  core  disks  and  house  Alteknatoe. 

*  -^5*-"^  secured. 
,       *  ~*;he  recent  Westinghouse  machines  the  coils  are  held  in 

*^  slotji  in   the  iron   of  the  armature.     Large  armnlni-es 

-*  "^-^ilt  up  of  segments,  one  of  which  is  shown  in  Fitr-  378, 

com  »  -^  1      (   ,1  u  ^         ' 

_■- ^^^  sensed    of   tliin    mild 

gtec  X 


stampings     bolted 
fe  ler   and   assembled 


tog&  ^^  -^ 

■       _  to  form  (I  poi-e  like 

p..  ^-^^i^er  coif  s  shown  in 

,  .^~  216,   p.    288.     The 

;   -  ui    the     segments 

I        *=^L.    made  in  tlie  centre 

.,  "'^^  00th  does  not  affect 

the  ,  ,      , 

Teluctance  of  the 
»«ft^^  -»  -fc.etic  circuit.  The 
COl ».  iit  ,  , 

^  -*    woHJid  o\\  formei-M, 

*^?  '^t  fii-st  of  sufficient 

^^~*i  to  slip  over  the  projections  of  the  teeth.  When  in 
^~  *-"*^ion  their  ends  are  nijiped  so  that  they  fit  closely  and 
\^^^*~>eld  by  the  teeth  from  flying  out.     This  construction  is 
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A  in  Fig.  401,  p.  602,  wliich  shows  the  woodea 
1  loMgitudinall}'  to  make  the  whole  compFict. 
an  iutemiil  revolving  field-magnet,  atid  as 
irual  cylluder  built  of  segmental  ooie-plates. 


*HLT  Form  of  Elwell-Parkee  Altebnator. 

■  periphery  of  wliich  the  armature  coils  are 


ip  from  this  form  to  Fig.  880,  which  shows 
of  Ziperuowsky,  in  which  the  field-magnet 


80.— Ganz-Zipernowskt  Alternator. 

ip  of  U-sliape<l  stampings,  and  the  armature 
shaped  pieces  which  project  throagii  the  coils, 
»le  singly.  We  are  thus  passing  away  from 
>ward  that  with  foU  armature. 
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Hupkiii»on's  alteinator,   Fig^  411,  p.  61S,  b  an  inveiske 
of  tliis  desi^,  tlie  field-magnet  being  iixed  and  external. 

Di%k  Armatures. — In  these  macliines  tlie  armature  coils 
^»-e  arranged  around  tlie  peiipliery  of  atliin  disk,  Tlie  field- 
**^agnet5  coniiist  of  two  crowns  of  iixed  coils,  with  iron  cores 
^*7tiuiged  80  that  their  free  |>oles  are  opposite  to  one  another, 
^^^''ith  Bspace  Itctween  them  sufficiently  wide  to  admit  the 
^*-»-matui-e,  Fig.  383.  The  i»Ie3  taken  in  order  round  each 
'^  *-owTi  are  alternately  of  N  and  S  polarity;  and  opposite  a 
-^^^-pole  of  one  crown  faces  a  S-pole  of  the  other  crown.  Tliia 
^^*  «!icnption  will  apply  to  the  magnets  of  the  alternate-current 
*^  machines     of    Wilde     and  , 

*-^^^  iemens,  and   to  Ferranti's 
*^ltei'nator.     The    principle     /^^^ 
"^^^-ill  be  best  undcistood  l)y    iOjl 
^-^-^ference  to  Fig.  S81,  whi<h     ^^ 
^^■ives  a  general  view  of  the  , 

^^rmngenient.       Sint-e     the  ^ 

^^lagnetic  lines  run  in  oppo- 
site directions  t)etwecn  the 
fixed  coils,  wliich  are  altei^ 
nately     S— N,     X— S,     as 
described  above,  llie  mov- 
ing coils  will  necessarily  l)e 
traversed     by     alternating 
currents;  and  as  the   alter- 
nate coils  of  the  armature  will  be  traversed  Ky  cunents  in 
opposite  senses,  it  is  needful  to  couneijt  them  up,  as  shown  in 
Figs.  381  or  384,  so  tli:it  they  ahall  not  oppose  one  another's 
action. 

Siemens'  alternators,  dating  from  1878,  i-ealize  this  design 
with  a  thin  disk  armatui-e  built  ny)  of  wedge-shaped  coils. 
Ferranti's  alternators  follow  the  same  plan,  the  copper 
coils  being  built  up  into  a  thin  disk,  as  indicated  in  Figs.  382 
and  383. 

Collecting  Rings, — In  those  alternators  in  wliich  the  arma- 
tore  part  is  fixed,  mere  terminals  are  required  for  collecting 
tbe  maia   current.     In   machines   with   rotating  armataree 
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aimple  sliding  connections  are  needed.     Tlie  usual  method  of 
collecting  is  shown  in  Fig.  384.     Two  undivided  insulated 


Fios.  382  and  883.— Ferranti  Ax-tesnatok. 

metal  rings,  forming  the  terminals  of  tlie  armature  coil,  slide 
eacli  under  a  collecting-brush. 

Wliere   high  voltages  are  used  the  two  slip-rings  should  be 
30  placed  tliat  by  no  accident  can  an  attendant  touch  both  at 


FlO.  384.— COLLECT! SG-RINOS  OF  .\LTEBNATORS. 


the  same  time.     It  is  also  well  to  provide  two  brushes  to  each 
ring  to  make  contact  sure.     For  alternators  witli  stationary 
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ftrmatuies  a  similar  but  smaller  pair  of  slip-rings  suffice  to 
cany  the  exciting  current  to  the  revolving  field-magnets. 

Coupling  Armature    Coils. — There    are  various   ways  of 

Coupling  up  the  coils  of  alternators,  according  to  their  purpose. 

I?^or  low-voltage  work  the  coils  may  be  coupled  up  in  parallel 

^«  in  Fig.  385,  so  as  to  reduce  the  internal  resistance  ;  whilst 

i'or  supplying  distant  transformers  and  for  transmission  of 

wer,  in  both  of  which  cases  high  electromotive-force  is 

equired,  the  more  usual  mode  of  connecting  is  to  join  th6 

'everal  coils  in  series,  as  in  Figs.  885  and  886. 


FiQS.  885  and  386.— Different  Modes  of  Coupuno  up  Armature-coius 

OF  Alternators. 

Comparison  of  Continuous  and  Alternate-Current  Winding. 
— We  have  seen  above  in  the  case  of  ring  windings  how  a 
system  of  parallel  grouping  could  be  reached  by  connecting 
down  at  appropriate  intervals.  Precisely  similar  considerations 
apply  in  the  case  of  drum  windings.  For  instance,  a  10-pole 
armature  with  360  conductors  might  be  wound  as  a  re-entrant 
lap-winding  by  connecting  forward  at  one  end  of  the  drum 
over  a  spacing  of  37,  and  then  lapping  back  at  the  other  end 
over  a  spacing  of  35.  This  is  just  what  might  be  used  with  a 
180-part  commutator  for  continuous  currents.  But  suppose 
no  commutator  added,  and  ten  connections  brought  down  at 
regular  intervals  (as  in  Fig.  375)  to  two  slip-rings  :  it  will  then 
serve  as  an  alternate-current  armature.  Instead  of  using  this 
lap  winding,  the  860  conductors  might  be  grouped  in  10  lots  of 
86  each,  each  lot  of  36  being  connected  (like  Fig.  377),  as  a 
pancake  coil,  opposite  a  pole,  and  then  all  10  put  in  parallel  as 
before.    We  shall  consider  later  the  effect  of  concentrating  the 
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coils  around  polar  points,  as  distiiiguished  from  the  rftctrJ&Mtuw 
winding  where  they  are  spacud  out  equally.  If  we  ^vanted  to 
use  a  wave-winding,  tlie  number  360  will  uot  Buit  for  a  10-pole 
machine.  We  must  cbooee  858  with  a  spacing  of  85  and  87 
alternately.  As  this  uinding  is  in  series  with  two  circuits 
only  in  pantllel  we  shall  need  only  two  connections  to  the 
slip-rings  fitim  points  equidistuit  along  the  winding. 


Width  op  Polb-facbs  and  Breadth  of  Armatdbb 
Windings. 

The  distance  from  the  centre  of  one  N-pole  to  tliat  of  the 
adjacent  S-pole  may  be  called  the  pitch  of  an  alternator.  It 
is  desired  to  know  what  is  the  best  proportion  for  the  polo- 
faces  and  tlie  windings  to  bear  to  the  pitch.  Tliis  matter  has 
beea  discussed  by  Kapp.^  It  involves  two  questions — (1) 
in  what  way  will  the  voltage  depend  on  the  relative  width  of 
poles  and  breadth  oE  windings ;  (2)  whatproportions  will  give 
the  liigliest  plant-efficiency.  If  the  poles  are  too  wide,  so  as 
nearly  to  touch,  not  only  is  there  great  leakage,  but  the  coils 
must  be  inconveniently  ci'owded.  It  is  obvious  that  for  any 
coil  to  give  its  best  result  it  should  be  so  lai^e  as  to  embrace 
the  whole  flux  of  magnetic  lines  from  eiich  jioleas  it  passes. 
If  it  is  smaller,  it  conti-ibutes  less  to  the  total  voltage.  If  it 
is  larger  it  merely  Uikes  more  space.  Hence  it  is  usual  to 
make  the  width  of  the  internal  aperture  of  the  coils  but  little 
lessliiau  the.  width  of  the  pole,  and  to  make  the  external  width 
equal  to  the  pitch.  Compare  Figs.  377,  379  and  382,  in  the 
first  two  of  which  the  inner  width  is  rather  less,  and  in 
tlie  third  rather  greater  than  that  of  the  pole-faces,  whilst  the 
double  breadth  of  copper  in  the  coils  is  about  equal  to  the 
width  of  the  poles. 

It  has  been  shown  on  p.  45  that  tlie  average  electro- 
■lotive-force  of  a  continuous-cuirent  dynamo  may  be  writtea 

E  =«Z  N  -f-  109; 
'  Froi.  Institution  Civil  Eiiolneerg.  M»iL  1889,  pt.  lU. 
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re  n  was  the  number  of  revolutious  per  secondt  Z  the 
bar  of  conductors  around  the  armature,  and  W  the 
etio  flux.  We  may  adapt  this  to  alteiiiators,  whilst 
X)ing  tlie  two  former  syniboLs,  and  using  W  for  the  mag- 
c  flux  til  rough  any  ime  pole,  by  multiplying  by  p  the 
iber  of  pairs  of  poles,  and  by  a  coefficient  h. 
o  we  have 

E  (virtual  volts)  =  Aje>  w  Z  N  -^  10*- 

f  the  fluctuations  followed  a  sine  curve,  so  that  the  virtual 
ts  were  1  •  1  times  greater  (see  p.  665)  than  the  avemge 
ts,  and  the  eoils  all  joined  in  series  (instead  of  two  parallels), 
n  A  would  have  the  value  2*2.  The  value^  of  A  for  various 
Iths  of  poles  and  breadths  of  coils  has  been  calculated  by 
pp,  with  the  following  results  ;  the  field  under  each  pole 
ing  supposed  uniform  : — 


Pole  Wldth» 


Total  BreadUi  of  Copper  in  (.'oU. 


^  ^  Eqnal  to  pitch 
"^  *  Equal  to  pitch 
H.  Half  of  pitch 

4.  Half  of  pitch. 

5.  Third  of  pitch 


E4[ual  to  pitch  (covering  whole  surface) 
Half  of  pitch  (covering  half  surface) 
E<iual  to  pitch  (covering  whole  surface) 
Half  of  pitch  (covering  half  surface) 
Third  of  pitch  (coverSng  third  of  surface) 


If  there  were  no  spreading  of  the  magnetic  field,  No.  4  of 
these  would  be  best  '(being  also  nearest  sine-law).  On  a 
smooth  core  such  as  Fig.  377  or  Fig.  879,  the  useful  breadth 
of  wires  is  that  wliich  would  just  lie  between  the  pole-tips. 
.  The  output  of  a  machine  having  a  given  thickness  of  copper 
in  the  gap  is  proportional  to  tlie  nnuilHjr  of  such  wires  and  to 
the  width  of  the  pole-face ;  therefore  to  the  product  of  the 
two  breadths,  the  sum  of  wliich  (if  tliere  were  no  magnetic 
spreading)  would  equal  the  pitch.  Hence  the  output  would 
be  a  maximum  when  the  breadth  of  coils  and  width  of  poles 


1  See  also  Brousaon  on  *•  The  determination 
Warlii,  1895,  xxvl.  236. 
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irere  each  half  the  pitch.  But  Elihu  Thomson  has  found  by 
experiment  that,  owing  to  the  distortion  of  the  m^netic  field 
when  the  machine  is  running,  there  is  an  advantage  in  making 
the  breadth  of  copper  greater  than  thisj  this  is  by  diminish^ 
ing  the  aperture  of  the  coils  to  something  less  than  one-half 
the  width  of  the  pole-face. 

Let  us  consider  more  closely  the  effect  of  breadth  of  the 
windings  in  thecoils  of  the  armature.  Consider  a  multipolar 
revolving  field  mi^net,  such  a*?  Fig.  387,  in  which  we  will 
assume  that  the  pole-pieces  have  been  so  shaped  that  tlie 
magnetic  field  in  the  gap-space  between  poles  and  armature 
cores  is  distributed  in  a  manner  so  as  to  give  a  regular  and 
smooth  wave-form  for  the  curve  of  electromotive-foi-ce  induced 
in  any  one  conductor  placed  in  the  gap.  We  will  represent 
electromotive-forces  whicii  act  upwards,  or  towards  the  reader. 


Ro.  887.  FlQ.  38& 

by  a  dot,  and  those  which  act  downwards,  or  from  the  reader, 
by  a  cross  placed  in  the  section  of  the  conductor.  Then  it  is 
obvious  tliat  there  will  be  induced  electromotive- forces  acting 
upwards  in  those  conductoiB  in  front  of  wliieh  the  S-pole 
'  is  moving  to  the  right,  and  downwards  in  those  which  the 
N-pole  is  passing.  But  these  electromotive-forees  will  not 
be  equal  at  the  same  instant  amongst  themselves :  they  will 
be  greatest  in  those  conductors  which  are  most  active,  that  is 
to  say,  in  those  which  are  passing  through  the  strongest 
magnetic  iield.  Each  conductor  will  go  through  an  equal 
cycle  of  inductive  action,  but  it  is  clear  that  they  come  to 
their  maximum  one  after  the  other.  For  convenience  we  will 
suppose  tliis  maximum  to  occur  in  each  conductor  as  the 
middle  of  the  pole  passes  it  Now  suppose  (as  is  usual  in 
construction)  thata  number  of  these  conductors  are  connectod 
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iu  Fig.  889,  to  form  a  coil ;  their  electromotive-forces 

added  together.    If  a  view  is  taken,  as  in  Fig.  889, 

we  are  supposed  to  be  looking  back  at  the  poles  passing 

ight  to  left,  we  shall  understand  this  a  little  more  plainly. 

ment  later  the  N-pole  will  come  right  behind  the  coil 

Fig.  390.     This  figure  shows  that  there  can  be  no  ad- 

ge  in  having  the  inner  windings  of  the  coil  much  nearer 

^er  than  the  breadth  of  the  pole-face,  since  at  this  instant 

electromotive-forces  are  opposing  one  another.     But  the 

1  electromotive-force    generated  by  a  coil  of  a  given 

r  of  turns  would  be  greater  if  they  could  be  all  of  the 

size,  so  that  all  should  reach  their  maximum  action  afc 

•s^me  instant. 


\ 


FlO.  889. 


Fig.  890. 


Fio.  891. 


This  point  may  be  further  elucidated  by  the  use  of  a 
clock  diagram.  Suppose  the  maximum  electromotive-force 
generated  in  one  conductor  to  be  represented  by  the  pointer 
O  A  in  Fig.  391.  Then  the  projection  of  O  A  upon  the  vertical 
line  O  P  gives  the  value  of  the  electromotive-force  at  the 
instant  when  the  angle  A  O  P  corresponds  to  the  phase  of  the 
induction  that  i^  going  on  in  the  period.  Let  there  be  two 
other  conductoi-s  situated  a  little  further  along  so  that  these 
electromotive-forces  would  be  represented  separately  by  O  B 
and  O  C.  We  have  to  find  what  the  effect  will  be  of  joining 
them  all  in  series.  By  the  rules  for  compounding  vector 
quantities,  we  shall  find  their  resultant  by  drawing  from  A  the 
line  A  B'  equal  and  parallel  to  O  B,  and  from  B'  the  line 
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B' C  equal  and  i>aniUel  to  OC.  Then  OC  is  thffresuUant; 
and  its  projection  O  Q  upon  tlie  vertical  line  gives  tlie  iostao- 
laneaus  value  of  the  united  alactrouiotive-force  of  the  three 
coiiductoi's.  Had  they  alt  been  placed  close  up  to  oue 
anothei'  at  A  without  any  difference  of  phase  betweeu  them 
the  resultnnt  would  have  been  O  A'",  and  this  projected  upon 
the  vertical  line  givss  O  P'"  as  the  in^jtantaueous  value- 

A  numerteal  way  o£  considering  Uie  matter  may  be  useful. 

Suppose  each  eonduetor  to  generate  an  electromotive- foi-ce, 
the  virtuttl  value  of  which  ia  1  volt:  then  if  three  such  cou- 
ductors  are  connected  up  in  aeries  tlieir  total  electromotive- 
force  cannot  be  8  volts  unless  they  lie  so  close  together  that 
they  all  i-eceivetheirmaxinium  values  at thesaoietirae.  Any 
spreading  out  of  the  coils  mv.»i  lower  the  value  of  the  resultant 
elec  t  ix)niot  i  V  e-f oi'ce . 

It  is  therefore  worth  while  to  calculate  a  bread th-coeffi 
cient  for  a  coil  of  any  particular  aiiguUr  breadth.  Let  the 
fij'mbol  V'  stand  for  the  difference  of  phase  between  the  centre 
of  any  coil  and  its  outerraosl  condnctoron  citherside.  If  tlie 
macliine  lias  a  two-pole  magnet  the  viilue  of  ^  is  simply  half 
the  angular  bread  tl  I  (in  radians)  subtended  by  the  coil.  IE  the 
machine  is  multiijolar,  having^  pairs  of  poles,  then  the  angle 
1^  of  the  phase-difference  will  be  equal  to  half  llie  angular 
breadth  (as  measured  on  the  machine)  multiplied  by  p.  Or, 
if  the  linear  breiulth  of  the  coil  measured  along  tlie  circum- 
ference be  called  h,  and  the  diameter  of  tlie  machiue  is  d,  the 
angle  4'  of  the  phase  difference  corresponding  to  the  half- 
breadth  will  be  =h  p-^A.  Now  the  average  value  of  the 
virtual  electromotive-force  in  all  tlie  conductors  comprised 
within  this  breadth  will  be  given  by  the  formnla 


1    (■4' 


where  » is  the  virtual  value  electi-omotive-fiwee  in  any  one 
conductor  and  j'  is  the  angle  of  difference  of  phase  bettreea 
the  E-M.F.  in  any  conductor  of  tlie  coil  and  the  E.M.F.  in  the 
central  conductor  of  the  coil.     If  we  call  the  part  of  this  ex- 
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pressiou  wliich   depends  on  V'  the   breadth  coeflBcient,  and 
denote  it  by  g,  then  performing  tlie  integration  we  have 

J  =  sin  V'  -i-  V'. 

In  oirler  to  give  some  numerical  values  we  may  anticipate 
me  of  the  constructions  later  shown.     For  instance,  in  a 
iig  wound  witli  four  coils  each  covering  one  quadrant  (as 
in  Fig.  467), 

V*  =  45°  =  radius:  5'=  0*90. 
Iix  the  oafie  of  a  ring  wound  with  three  coils,  each  covering 

V'  =  60°  =  radius:  q  =  0.82. 

Iri  the  case  of  a  ring  wound  with  6  coils  each  covering  60^, 

V'  =  30°  =  radius :  q  =  0-95. 

As  an  example  consider  a  multipolar  2-pha&e  generator, 
« living  armature  conductors  carried  through  holes  in  the  core 
^Xisks,   and   having  12  equally  spaced  holes  in   tlie   repeat 
:om  one  N-pole  to  the  next  N-pole.     In  this  case  six  of  the 
onductors  belong  to  one  phase,  six  to  the  other,  and  each 
roup  will  consist  of  three  up  and  three  down.     The  three 
ixi  a  group  occupy   one-fourth    the    whole    breadtli,  or   are 
Equivalent  to  90°  on  the  circle  of  reference :  but  as  the  con- 
ductors are  confined  within  holes,  the  virtual  angular  dis- 
t:ance  between  the  two  outer  conduetoi's  of  the  three  is  60°, 
?^nd  the  half-distance  30°;  whence  q  =  0-95. 

There  has  been  much  controvei'sy  whether  armatures 
should  or  should  not  have  iron  cores.  Iron  cores  are  certainly 
inadmissible  in  thin  disk  armatures,  as  they  would  inevitably 
jamb  against  the  pole-faces.  Owing  to  the  high  frequency 
of  alternation,  the  loss  by  liysteresis  in  machines  with  iron 
cores  becomes  serious,  unless  the  magnetization  is  kept  down 
below  700Q  lines  per  sq.  cm.,  and  even  then  is  not  negligible. 
On  the  other  hand,  there  is  more  loss  by  eddy  currents  ^  in 
the  copper  in  machines  not  having  iron  cores. 


*See  remarks  by  Elihu  Thomson  in  comment  on  Kapp's  paper,  loc.  ciL 
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Modes  op  Excitation  of  Field-Magmets. 

In  tlie  older  machines  the  field-magnete  were  either  of  steel 
permanently  magnetized,  or  else   electromagnets  separately 
excit«d.     About  1869  began  the  practice   of  making  these 
machines  seU-exciting  by  the  method  of  diverting  a  small 
current  from  one  or  more  of  the  armature  coils,  which  were 
for  this  purpose  separated  from  the  rest,  this  current  being 
parsed  through  a  commutjitor,  whicli  rectified  the  alternations 
and  made  it  suitable  for  magnetizing  the  field-magneta.     This 
device  is  used  in   the  "composite" 
alternators  of  the  Thompson-Houston 
(General  Electric)  Co.  and  in   those 
of  Ganz,  who  also  attains  the  effect  of 
compounding  by  supplying  the  field- 
magnets  with  a  rectified  cunent  ob- 
tained by  a  small  transformer  from 
the  main  current,  to  which  it  is  pro- 
portional.   Such  rectifying  commu- 
_      -02  tators  have  in  general  the  form  de- 

BECTiFYiNa  COMMUTATOR,    pictcd  in  Fig.  392,  consisting  of  two 
For  Self-exciting         metal     cylindei-s,   cut     like    crown- 
Alternators.  wheels,   having  the  teeth  of  one  pro- 

jecting between  the  teeth  of  the  otlier. 
They  are  insulated  from  one  another,  one  being  connected  to 
one  end  of  the  wire  of  the  armature  coils  that  are  to  be  used 
for  exciting,  whilst  the  other  is  connected  to  the  other  end 
of  that  wire.  Two  brushes  are  set  so  that  one  presses  against 
a  tooth  of  one,  whilst  the  other  presses  against  a  tooth  of  the 
other  part.  An  ordinary  commutator  having  as  many  biirs 
as  poles  may  be  used  ;  the  hare  being  connected  together 
alternately  into  two  sets.  If  the  field-magnets  aie  wound 
with  fine  wire,  such  a  commutator  may  be  used  (in  low- 
voltage  machines)  to  rectify  a  fraction  of  the  main  current, 
thus  making  the  machine  virtually  a  self-exciting  machine. 
It  is,  however,  more  usual  to  supply  each  alteiiiator  with  a 
small  auxiliary  continuous-current  dynamo  termed  its  exdter. 
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A  convenient  way  of  regulating  the  current  or  potential 
of  alternator  is  to  intei*pose  a  variable  resistance  in 
the  exciting  circuit;  the  resistance  being  operated  by 
hand  or  by  some  automatic  regulator  (see  Cliapter  XXIX.) 
This  method  is  applicable  either  to  separately  excited  or  to  self- 
exciting  machines.  In  the  case  where  separate  exciters  are 
used,  the  performance  of  the  alternator  may  be  regulated  by 
controlling  (by  variable  resistances,  etc.)  the  exciting  circuit 
of  the  exciter. 

Alternatora,  when  intended  for  supplying  glow-lamps  at 
constant  pressure,  whether  direct  at  low  voltage,  or  by  trans- 
formers at  high  voltage,  are  constructed  with  low  resistance 
in  the  armature  part.     Those  which  have  also  a  low  coeffi- 
cient of  self-induction  would  be  almost  self-regulating  if  it 
were  not  for  the  demagnetizing  influence  of  the  armature 
currents.     If  the  field  is  not  stiff  {p.  393)  or  if  there  is  iron 
in  the  armature,  or  if  the  armature's  reaction,  as  measured 
by  the  number  of  ampere-turns  per  pole,  is  too  great,  the 
machine  will  require  much  more  excitation  at  full  load  than 
at  no  load.     Even  in  the  lai'gest    machines  the  armature 
ought  not  to  create  more  than  8000  ampere-turns  per  pole. 
Those  armatures  that  have  the  windings  deep  sunk  between 
great  teeth  of  iron  have  both  great  self-inductive  drop,  and 
great  demagnetizing  action  at  full  load.     For  motor-driving 
alternatora  should  be  chosen  which  have  no  great  inductive 
reaction^ .   For  supplying  lamps  in  series  witli  a  constant  cur" 
Kent  a  somewhat  different  type  of  alternator  is  needed,  having 
considerable  self-induction  in  the  armature.     This  is  attained 
ly  winding  the  armature  coils,  deei^ly  embedded  in  the  core, 
or  wound  on  long  core-plates  to  give  considerable  magnetic 
inertia. 

The  demagnetizing  influence  *  of  the  armature  current  is 
most  marked  when  the  field-magnets  are  weakly  excited.  In 
the  Mordey  alternator  (p.  619)  the  field-magnet  is  so  power- 
ful that  the  diminution  of  the  electromotive-force  from  this 
cause  with  the  full  current  is  less  than  3  per  cent,  of  the 
whole,  the  resulting  droop  in  the  characteristic  being  ex- 
tremely slight.  The  demagnetizing  action  depends,  howevei^ 
iQee  Bason  in  Elsntrie<d  Rrview,  xvili.  248,  March,  1886. 
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on  the  p^ow  of  tl»e  curreute.  If  tbey  neither  lag  nor  lead, 
there  will  be  do  demagnetizing  reaction,  only  a  distortion  of 
field  (p.  75).  But  if  they  lag  tliey  will  tend  to  demagnetize, 
while  if  tliey  lead  in  [thase  they  will  help  to  magnetize  tlie 
field.  Swinburne  '  baa  discussed  armature  reactions  from 
this  point  of  view,  and  has  suggested  the  use  of  coudensen 
to  jd-oduce  an  effect  akin  to  comjwuiiding, 

Kome  load^cui-ves  for  an  alternator  have  been  given  by 
Kapp  {loc.  cit.'),  and  should  be  compared  with  Fig.  261,  p. 
380. 

Now  in  an  actual  machine  there  are  many  armature  con- 
ductors' spaced  symmetrically  around,  and  these  have  to  be 
groui>cd  together  by  connecting  wires  or  pieces.  In  the  case 
of  ring-wound  ann;ttures  the  connecting  conductor  goes 
through  the  interior  of  the  ring-core,  tlius  constituting  a 
epiral-winding.  ^\'lieTi  we  go  on  to  those  cases  in  which  the 
winding  is  entirely  exterior  to  the  coib,  as  for  drum  anni^ 
ture.s  and  disk  armatures,  we  find  that  ""m  with  continuous 
current  machines  also)  there  are  two  distinct  modes  of  pro- 
cedure, which  we  may  re^spectively  denote  as  lap^windimj  and 
wave-tfindivg.  Tlie  distinction  arises  in  the  following  man- 
ner. Since  the  conductors  that  are  passing  a  nortli  pole 
generate  electi-omotive  forces  in  one  direction,  and  tbose  that 
are  passing  a  south  [jole  generate  electromotive-forces  in  the 
opi>osite  direction,  it  is  clear  that  a  conductor  in  one  of  these 
groups  ought  to  be  coiniected  to  one  in  nearly  a  corresponds 
ing  position  in  the  other  group,  so  that  the  current  may  flow 
down  one  and  up  the  other  in  agreement  with  the  directions 
of  the  eleotromotive-foi-ces.  So  after  having  pnssed  down 
opposite  a  north  pole  face,  the  conductor  may  be  connected 
to  one  that  passes  np  opposite  a  south  pole  face,  and  the 
winding  evidently  may  be  arranged  either  to  lap  back,  or  to 
zigzag  forward. 

Wave  windings  were  independently  suggested  in  1881, 

by  Lord  Kelvin  and  by  Mr.  Fen-anti.     But  there  are  disad- 

vanbtges  in  its  use  for  high  voltages,  owing  to  the  difficulty 

of  maintaining  the  insulation  between  each  "wave  "  and  the 

1  Joiimnt  Inift.  Elfctrkal  Entjineert,  is,  HS,  1881. 
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racoeeding  one.  In  Bome  alternatom^ncludbig  those  of 
Fenanti  and  Mordey — the  coils  are  joined  in  two  imittllels, 
not  all  iu  series,  a  constiaiction  wliich  has  the  result  of 
keeping  the  points  of  greatest  potential  difference  widely 
apai*t. 

This  distinction  between  lap-windings  and  wave-windings 
applied  to  alternate-current  machines,   is  illusitrated  in 


FitJ.  893.— Alternate-current  Machine:  Lap-winding. 


Fio.  394.— Alternatb-ctrrent  Machinb  :  WAVB-wiNDixa. 


XjSi 


Fio.  395 — ^Alternate-current  Machine  :  Ring- winding. 

Figs.  893  and  394.  Fig.  393  represents  an  8-pole  alternator 
with  lap-winding,  each  " element**  or  set  of  loo[>s  extending 
across  the  same  breadth  as  tlie  "  pitch  "  or  distance  from  centre 
tocentaneof  two  adjacent  poles.  Only  24  conductor  have  been 
drawn;  and  it  will  be  noticed  that  the  successive  loops  are 
alternately  right-handed  and  left-handed.  In  Fig.  394  is  shows 
the  same  alternator  with  a  wave-winding.  The  electromotive- 
force  of  the  two  machines  would  be  precisely  the  same ;  tihe 
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choice  between  the  two  methods  of  connecting  b  here  purely 
a  question  of  mechanical  convenience  in  construction  and 
cost.  The  ri  ng- win  ding  using  the  same  number  of  active 
conductors  is  shown  in  Fig.  395.  In  each  case  the  beginning 
and  end  of  the  winding  are  connected  to  two  slip-rings,  which 
in  these  developed  di-awings  are  lejdeseiited  bj'  two  pai'allel 
lines.  These  therefore  i^epresent  series  or  single-circuit 
windings. 

Polyphase  Altematore. — The  disadvantage  of  making  the 
coils  broad,  which  Wiis  pointed  out  on  p.  592,  was  experi- 
mentally discovered  by  Gramme.  The  closer  the  coils  in 
any  one  group  were  huddled  together,  the  more  effective 
he  found  them.  If,  then,  in  his  machine.  Fig.  376,  there 
had  been  only  eight  narrow  coils — one  opposite  each  pole 
• — there  would  have  been  much  idle  space  on  the  machine. 
Gramme,  therefore,  filled  up  the  idle  space  with  other  coils. 
The  sections  of  the  winding  of  this  machine  were,  in  fact, 
four  times  as  numerous  as  the  poles,  and  might  have  been 
coupled  to  feed  four  separate  circuits.  It  is  clear  that  the 
revolving  poles  would  come  past  the  four  adjacent  sections 
successively,  so  that  the  four  alternating  currents  genemted 
would  differ  )«j)/ia»e  from  one  anotlier.  Gramme  knew  or 
discovered  that  it  would  not  do  to  join  all  the  coils  together. 
He  only  joined  together  tliose  that  at  any  one  instant  were 
opposite  t!ie  poles.  So  there  were  four  sepai-ate  circuits 
eacli  consisting  of  eiglit  coils  joined  up  in  series.  And  these 
four  separate  windings  wore  led  off  to  four  entirely  seiMirate 
circuits,  each  supplying  a  number  of  Jablochkoff  candles 
witli  current.  Gramme's  alternator  was  unquestionably  a 
poli/hage  ffi'tierator  ;  but  there  is  not  the  slightest  evidence 
that  he  at  any  time  attempted  to  combine  the  curieuts  of 
separate  phases  for  any  useful  pnr|)Ose,  or  that  he  knew  that 
tliey  could  Ijc  so  combined.  On  the  contrary,  he  always 
kept  the  circuits  sepamte  Iwcause  the  several  currents  in 
them  were  not  in  phase  with  one  another.  No  one.  at  tJiat 
time  dreamed  of  coniliining  currents  of  different  phase  so  as 
to  get  a  roljitory  masjnetic  field. 

It  may  be  remarked,   in  passing,  that  in   every  type  of 
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*3iator  there  will  be  idle  space  between  the  groups  of  coils 

^7  are  wound  advantageously  for  single-phase  working. 

we  make  the  armature  with  as  many  groups  of  windings 

ere  are  poles  of  the  field  we  shall  have  a  single-phase 

inc.    If  we  make  the  coils  twice  as  numerous  as  the 

etic  fields  we  shall  get  a  2-phase  machine.    If  they  are 

times  as  numerous  a  8-phase  machine. 

e  large  alternators  of  the  installation  at  Paddington, 

ed  by  the  late  Mr.  Gordon  (which  were  fully  described 

e  first  edition  of  this  book),  are  2-phaise  machines,  with 

"  and  "  blue  "  circuits  kept  separate.    They  have  been 

ork  ever  since  1883. 


Fig.  806.— Bradley's  2-fhase  Generator. 

2-phase  alternator  was  designed  by  Bradley,  in  1887, 
T'^i^g  in  a  bipolar  field  a  ring  connected  at  four  points  to 
^^>^r  slip-rings  (Fig.  396). 

-As  the  ring  revolves  the  electromotive-forces  tend  always 
^'vvards  the  highest  point.     Two  separate  alternate  currents 
^Uy  therefore  be  taken  from  this  machine,  but  they  will 
differ  by  a  quarter-period  or  be  "  in  quadrature,"  as  repre- 
sented in  Fig.  397. 

A  8-phase  alternator  might  have  been  made  by  connecting 
the  ring  to  three  slip  rings  at  points  120^  apart.  Gramme 
indeed  wound  some  of  his  rings  with  three  independent  sets 
of  coils.     Such  a  machine  will  yield  three  currents  in  three 

separate  successive  phases.    If  these  were  grouped  aa  in 
N— Vol.  4 
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Fig.  398,  we  might  join  up  the  A  coils  together  into  one 
circuit  (the  coils  being  'wound  or  connected  alternately 
right-handedly  and  left-handedly^ ;  the  B  coils  being  slnii- 
Uriy  joined  np  into  a  second  circait,  and  the  C  coiU  being 


—Two  Alternate  Correktb  Dtfferdki  b;  a 
Qdakter  Period. 


Joined  into  a  thii'd.  It  is  clear  that  in  each  Bet  the  electro- 
motive-forces would  rise  and  fall  in  i-egular  succession,  and 
that  the  electroraoti re-force  in  B  would  not  rise  to  its  maxi- 
mum until  after  that  in  A  had  passed  its  maximum  and 
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was  falling.  In  fact  the  diiferences  of  phase  might  be  lepr^ 
sented  by  the  three  curves  of  Fig.  899.  Since  the  angular 
distance  around  the  machines  from  one  N-poIe  to  the  next 
N-pole  corresponds  to  one  whole  "  period  "  (p.  649),  or  to 
one  complete  revolution  of  360°  on  the  ima^aarj  circle  x& 
teferenoe  C^ig-  851),  we  see  that  these  three  cuiTeots  viP 
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differ  in  phase  from  one  another  by  60*.  If  we  had  a  sepa* 
rate  outgoing  and  return  wii*e  for  each  of  the  three  circuits, 
we  should  need  no  fewer  than  six  lines  from  the  machine  to 
the  (3-phase)  motor  which  it  supplied.  But  as  will  be  seen 
(p.  669),  by  adopting  proper  methods  of  grouping,  this  com- 
plication is  unnecessary,  the  number  of  lines  being  capable 
of  being  reduced  to  four  or  to  three.  If  an  earth  return  were 
admissible  the  number  of  actual  line  wires  might  even  be 
reduced  to  two. 

Not  only  does  the  adoption  of  a  polyphase  winding  lead  to 
certain  advantages  in  the  operation  of  motors ;  it  also  effects 
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Fio.  8W.— Three-phase  Currents  differinq  60°  in  Phase. 


a  saving  in  the  cost  of  the  machines.  By  winding  a  second 
set  of  circuits  on  the  otherwise  idle  spaces  on  the  core  we 
may  double  the  output  of  the  machine.  It  will  take  twice 
as  much  horse-power  to  drive:  it  will  give  out  twice  as  much 
horse-power  electrically.  But  it  will  not  cost  twice  as  much, 
nor  take  up  any  more  space.  Goerges  states  that  a  8-phase 
machine  was  found  to  give  an  output  2*73  times  that  of  the 
same  machine  with  a  continuous-current  armature. 


CONSTEUCTIOK  OP  AlTERNATOBS. 

Although  some  excellent  alternators  have  been  made  of 
the  thin  disk  tj^pe  by  Siemens,  Ferranti,  Mordey  and 
Crompton,  there  is  at  present  an  obvious  preference  on  the 
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part  of  electrical  engineers  for  machines  of  other  types 
whenever  l»i^e  outputs  are  required.  The  racking  etr&ina 
to  which  the  armature  conductors  are  euhjected  render  diffi- 
cult the  task  of  giving  to  the  thin  disk  the  mechanical 
strength  it  needs  without  sacrificing  good  insulation,  or  using 
constructions  that  would  heat  by  reason  of  eddy-currents. 
Hence  the  majority  of  makers  use  iron  core-disks  in  tlie  con- 
struction of  tlieir  armatures :  and  whether  the  armature 
revolves  or  stands  still  a  sunk-winding  is  almost  universal. 

In  Fig.  216  were  shown  some  of  the  core-disks  used  by 
the  Westinghouse  Co.  Those  with  a  few  large  teeth  are  for 
alternators.     Figs.  400  and  401  show  the  construction.     The 


Ros.  400and  401.— SECTION  OF  Weshnghousb  AlterkatokAbxatcbk 

coils  are  wound  on  special  formers  and  bent  into  their 
places ;  theu  secured  by  wooden  wedge-pieces.  In  the 
]ai;gest  macliines  the  armature  cores  are  built  up  of  stamp- 
ings assembled  in  sections,  one  of  which  is  shown  in  Fig,  378. 
Fig.  402  shows  a  general  view  of  a  450-kilowatt  alternator  of 
the  Westinghouse  standard  type,  liaving  30  narrow  radial  poles 
of  elongated  section  surrounding  an  armature  whicli  is  pro- 
vided not  oidy  with  the  two  slip-rings  but  with  a  rectifying 
commutator  to  furnish  a  small  exciting  current.  The  poles 
are  of  laminated  steel  cast  solid  into  the  outer  yoke.  The 
armature  cores  have  30  teetli  tocorrespond.  In  many  modem 
machines,  however,  the  armature  is  fixed,  and  surrounds  an 
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iateroally  teTolving  magnet.    la  this  case  the  armatare  coroa 
take  in  general  one  of  the  two  forma  shown  in  Figs.  408 
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and  404.  The  pierced  form  is  distinctiTely  Swiss.  Such 
oore-rings  are  built  up  in  segments,  and  may  be  wound  in 
various  ways.  For  low-voltage  machines  stout  conductora 
may  be  drawn  in  and  connected  up  in  wave-fonn.  For  high 
volt^es  lap-windings  are  mora  usual,  a  number  of  turns  being 
looped  through  two  of  the  holes  situated  at  a  distance 
apart  about  equal  to  the  pitch  of  the  poles.  Brown  has 
introduced  the  piaotioe  of  arranging  these  end  parts  of  the 
loops  where  they  emerge  outside  the  core  rings  in  two  sets  in 
different  planes.  This  construction,  which  is  applicable  to  aU 
altematora  whether  for  single-phase,  S-phase  or  3-phase  work, 
and  to  motors  as  well  as  generators,  may  be  noticed  io 
the  coils  in  Plate  XVIII.  Though  a  detailitisofgreatusein 
obviatii^  risks  of  short  cironits.  In  Fig.  405  this  coustrnctioa 
is  diagrunmatically  displayed,  showing  how  both  the  A  set  and 


fi  set  of  windings  in  a  2-phase  generator  may  be  grouped  so 
as  to  tttilize  for  each  lap  two  sets  of  holes  side  by  side.  This 
lias  some  advantages  over  using  single  holes  of  very  large  size. 
These  would  interfere  more  with  the  int^etio  circuit  and 
tend  to  set  up  greater  heating  in  the  polar  parts  of  the  lield- 
magnet. 

Fig.  406  shows  an  adaptation  of  the  method  of  airanging 
the  windings  o£  a  S-phase  generator,  so  that  the  loops  of  the 
coil  can  still  be  situated  in  two  planes.  The  A  coils  will  of 
course  be  connected  together  in  series,  though  they  lie  al- 
ternately in  the  inner  and  in  the  outer  positions ;  and  so  like- 
wise the  B  and  C  coils. 

Fig.  407  shows  how  the  core-rings  may  be  utilized  for  a 
8-phase  generator  (or  motor)  with  a  winding  in  which  all 
the  holes  are  not  employed.     This  winding  was  used  to  save 
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the  necessity  of  making  a  fresh  set  of  stamps  for  the  core- 
disks.  The  magnetic  reactions  are  less,  when  the  unused 
holes  are  left  in  the  spaces  as  8ho^ra,  than  would  be  the  case 
if  the  core-rings  at  these  parts  were  not  pierced. 

Another  variety  of  tlie  same  constniction  may  be  noticed 
in  Plate  XVII^  where  one  of  the  sections  of  the  core  is  »hown 
BWOQg  outwards  for  cleaning. 


Figs.  405,  400, 40T. 

In  designing  alternators  the  same  general  mles  an  to  be 
followed  as  goveiii  the  design  of  continuoos-cnrrent  dynamos ; 
but  o^ving  to  the  higher  frequency  of  the  reversals  of  mag- 
netism a  lower  density  of  flux — say  from  6000  to  7000 — is  to 
be  observed  in  the  laminated  armature  iron.  The  coefficient 
i,  which  comes  in  the  fundamental  formula,  having  been 
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i  by  experiment  m  auy  given  type,  can  be  uaed  in 
\  machines  of  similar  type.  In  calculating  the  ex- 
be  provided  for  the  field-magnets,  allowance  must 
or  the  inductive  choking  action  of  the  armature 
OS  veil  aa  for  the  demagnetizing  (p.  559)  reaction 
lature  currents  ;  both  these  causes  conspiring  to 
I  "  inducUve  drop."  Suppose  an  annature  winding 
sen  calculated  for  2000  volts  on  open  circuit,  at 
ed  and  field,  and  that  the  full  cuiTent  is  to  be 
j.  Some  experiment  must  be  made  to  ascertain 
inal  volts  necessary  to  drive  20  amperes,  not  only 
lie  resistance  of  the  field  but  i^ainst  its  self- 
:.  An  experimental  determination  of  this  may  be 
neasuring  with  a  voltmeter  the  volts  actually 
;  the  proper  frequency)  to  send  this  current  through 
ire.  Another  and  better  experimental  method  is 
^Guit  the  machine  through  an  amperemeter,  and 
it  at  the  proper  speed  with  field-m^neta  at  first 
gradually  increasing  tlie  excitation  until  normal 
reached.  Then  open  the  circuit  and  measure  the 
h  at  such  excitation  tlie  armature  generates.  The 
ifter  having  found  this  reactive  electromotive-force 
n  out  the  additional  excitation.  Suppose  that  tlie 
t  in  question  had  sliown  the  reactive  electromotive- 
I  880  volts,  then  since  they  are  in  quadrature  with 
ive  electromotive-force  of  2000  volts,  it  will  be 
lat  the  impressed  electromotive*force  at  full  load 
at  least 

4^ 8'8(F+2000»  =  2184  volts ; 

amount  the  full-load  excitation  must  be  calculated 
letic  circuit  principles.  An  example  relating  to  a 
mator  was  given  on  p.  656  of  the  previous  edition. 
•onovx  Generators. — It  has  been  found  by  several 
ters  independently — amongst  them  Mr.  C.  E.  L. 
d  the  engineers  of  the  General  Electric  Company, 
:tady.  New  York — that  asynchronous  motors  (see 
hether  polyi)hase  or  monophase,  can  actas  generators 
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provided  tbey  are  mechanically  driven  at  a  slightly  higher 
speed  than  that  of  synchronism.  But  it  is  not  possible  to 
work  a  circuit  with  only  one  such  machine  to  be  used  as  a 
generator-^— it  is  not  self-exciting.  There  must  be  an  alter- 
nate or  polyphase  current  already  supplied  to  the  mains  or 
terminals.  It  would  pi-obably  be  convenient  in  those  central 
stations  where  the  load  is  apt  to  show  very  sudden  increase, 
to  use  one  or  more  asynchronous  generators  along  with  other 
alternators,  as  the  asynchronous  generator  miglit  be  kept 
turning  as  a  non-loaded  motor  at  a  speed  just  below  syn- 
chronism until  required.  On  merely  quickening  up  the  speed 
of  its  engine  (without  waiting  to  "  synchronize  *')  it  will  begin 
to  work  as  a  generator,  its  electromotive  impulses  synchroniz- 
ing perfectly  with  those  of  the  circuit,  though  its  speed  is  not 
synchronous. 

Examples  of  Altbrkators. 

GordorCs  Alternator. — Gordon's  alternator  was  described 
and  figured  in  the  earliest  editions  of  this  book.  It  has  twice 
as  many  coils  in  the  fixed  armatures  as  in  the  rotating 
magnets,  there  being  82  on  each  side  of  the  rotating  disk,  or, 
in  all,  64  moving  coils  ;  while  there  are  64  on  each  of  the 
fixed  circles,  or  128  stationaiy  coils  in  all.  The  latter  are  of 
an  elongated  shape,  wound  upon  a  bit  of  iron  boiler-plate, 
bent  up  to  an  acute  y-lovni^  with  cheeks  of  perforated 
German  silver  as  flanges.^  The  result  of  thus  arranging  the' 
coils  in  two  sets,  is  that  there  are  two  distinct  currents  differ- 
ing in  phase  by  a  quai-ter  period.  The  Paddington  station, 
equipped  by  Gordon  in  1883,  was  the  first  2-phase  station. 

Kapp^B  Alternators. — The  multipolar  ring-armature  alter- 
nators of  Kapp  were  described  in  detail  in  the  previous 
edition,  and  scale  drawings  were  given  of  a  60  kilowatt 
machine  built  at  the  Oerlikon  works.  More  recently  Mr. 
Kapp  has  desigited  a  new  alternator  for  Messrs.  Johnson 
and  Phillips.     The  construction  is  shown  in  Fig.  408,     The 

*  For  further  details  of  the  Gordon  dynamo,  see  >•>•.   Gordon's  Practical 
Treatise  on  Electric  Lighting  (1884),  p.  162. 
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armature  core  is  built  up  of  stampings  assembled  in  re- 
movable segmental  blocks.  Arouud  each  block  of  core  iQ 
«nd  Qotchea  is  wound  a  eectioD  of  the  armature  ooil.  The 
armature  consequently  has  considerable  self4Ddaction.  The 
tield-raagnet  is  on  the  same  plan  as  that  of  the  Laoffen 
alternators  described  later  (p.  ^1),  having  but  a  single  ooil 
for  excitation. 


Fia.  409.— Siemens  Alternator,  wrra  rrs  Etctter. 

Siemens  AUernaton. — Messrs.  Siemens  and  Halalce  were 
early  in  the  field  in  1878  with  alternators  designed  by  von 
Hefner  Alteneck,  having  a  disk-armature  (see  Fig.  409\  in 
which  the  coils  are  wound  usually  without  iron,  npon  wooden 
cores.  Copper  ribbons  insulated  from  one  another  by  strips 
jf  vulcanized  fibre  are  used  foi-  the  coils ;  the  connections 
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all ;  whilst  the  armature  ring  is  4-6  metres  (14  ft.  9  in.)  in 
external  diameter.     When  running  at  100  revolutions  per 
minute,  it  yields  165  amperes  at  2000  volts.    The  construc- 
tion of  the  armature  is  as  follows : — A  laminated  ring  of  60 
segments,   each   built  up  of  straight  iron  plates  stamped 
i^ith  end-projections,  is  held  together  firmly  in  a  cast-iron 
frame.     Each  segment  before  being  put  in  place  is  wound 
'ivith  20  turns  of  a  conductor  made  of  stranded  copper  wire 
compressed  to  a  square   section,  each  wire   in  the  strand 
l>eing  lightly  insulated  with  a  coat  of  enamel.     The  ring  thus 
formed  is  4*6  metres  in  diameter,  and  50  centimetres  in 
"^vidth  parallel  to  the  axis ;  the  end  projections  of  the  core- 
I>lates  constituting  60  internal  teeth.     It  is  therefore  simply 
laminated  Pacinotti  ring  with  sections  coiled  alternately 
ght  and  left-handedly.    Any  one  of  the  sections  can  be 
ir^emoved  singly    for  repair.     The    laminated    magnet-cores 
any  76  windings  each,  and  receive  a  current  of  56  amperes 
t  70  volts  for  excitation. 

The    large    3-phase    alternators    recently   made    for  the 

entral  station  at  Chemnitz  by  Siemens  and  Halske,  have  a 

eneral  construction  resembling  Fig.  406. 

Ganz-Zipemowsky  Alternators^ — Various  forms  have  been 

^uilt^  by  Ganz  and  Co.,  of  Buda-Pesth,  chiefly  from  the 

designs  of  M.  Zipemowsky.     The  general  principle  of  these 

:xnachines  has  already  been  described  on  p.  584 ;  but  some 

lave  been  otherwise  constructed.    At  Frankfort,  in  1891,  a 

large  Ganz  alternator  was  shown  by  the  Helios  Co.,*  of  a 

capacity  of  400  kilowatts,  giving  200  amperes  at  2000  volts 

at  125  revolutions  per  minute.     The  armature  consisted  of  40 

T-shaped  punchings,  like  Fig.  880,  surrounded  with  coils  each 

working  at  100  volts,  the  whole  being  coupled  up  in  two  series 

of  20  each.     The  rotating  field-magnet  is  299-2  centimetres 

in  diameter,  and  38  centimetres  wide.    The  electrical  efficiency 

iSee  Centralblattfur  Elektrotechnik,  zii.  554,  1880;  also  Electrical 
Beview,  xv.  70, 1884  ;  xvil.  116,  1885  ;  Electrician,  xxv.  258, 1800  ;  Electrical 
World,  xili.  297,  1889 ;  xvi.  73,  1890  ;  La  Lumihre  tlectrique,  xxxi.  121 ; 
and  xxxii.  159  and  582,  1889. 

*  See  description  by  Mr«  Esson,  and  cut,  EleetAcal  Review^  xzix.  503, 1891. 
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is  given  at  95-6,  and  the  nett  efficiency  at  91-5  per  cent. 
Four  very  fine  examples  of  the  Ganz  alternator  exist  in  the 
central  station  of  Rome,^  each  being  of  820  kilowatts  capacity 
driven  direct  at  125  revolutions  per  minute  by  separate  com» 
pound  engines  of  500  H.  P.  each.  They  have  rotating  field- 
magnets  with  40  radiating  poles  of  solid  iron,  the  diameter 
being  over  9  feet.  The  interior  diameter  of  the  armature  ring 
frame  is  about  9i  feet,  the  core  being  built  up  of  sheet  iron 
and  paper  as  described.  There  are  40  coils,  each  generating 
50  volts,  all  united  in  series,  and  capable  of  caiTying  200 
amperes,  the  wire  being  6  mm.  in  diameter.  The  bobbins 
on  which  the  magnet  coils  are  wound,  are  made  of  split 
rectangular  zinc  formers  about  15  inches  high  and  20  inches 
wide,  the  windings  being  more  numerous  toward  the  outer 
end.  The  armature  windings,  30  in  each  coil,  are  contained 
on  vulcanized  fibre  frames  19  inches  long,  10  inches  wide,  and 
2  inches  deep,  and  are  clamped  in  place  by  skeleton  bronze 
frames. 

Hopkinson  Alternator. — This  machine  has  fixed  external 
multipolar  magnets,  with  a  width  of  pole-face  exceeding 
three-fourths  of  the  pitch.  The  armature  wires  are  coiled 
upon  short  polar  projections  of  laminated  iron  having  extended 
faces.  The  machine  is  shown  in  Fig.  .411.  Its  exciter  is 
mounted  on  a  bracket  to  run  on  the  same  shaft. 

Owing  to  the  almost  complete  continuity  of  the  iron  of  the 

magnetic  circuit,  and  the  high  peripheral  speed  which  the 

construction  of  the  machine  admits  of,  an  exceedingl}^  high 

efficiency  Is  obtained.      The  following  are  particulars   of 

machines  of  this  t}^e  constructed  by  Mather  and  Piatt  for 

the  Salford  central  station. 

No.  of  poles        20 

Revolutions  per  minute 450 

Output         40  amperes  at  SOOO  volts, 

Besistance  of  all  magnet  coils  in  series  . .     . .  7*4  ohms. 

Resistance  of  armature  coils  in  series  . .     . .  o*  8  ohms. 
Exciting  current  required  through  magnets 

at  full  load     10  amperea 

Hence  electrical  ejfleieney  at  full  load      . .  98*4  per  cent. 

^See  description  by  Prof.  Fleming  in  the  Slectriciany  xxv.  317,  1890. 
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Jn  spite  of  their  high  self-induction,  these  machines  are 
suitable  for  working  in  pnrallel,  and  have  so  much  armature 
reaction  that  they  con  be  short-circuited  with  perfect  safety. 


Ret.  411.— Hopsnisoir  Alternatok  (Mather  &  Platt). 

VerrawlXs  Alternator. — This  machine,  as  brouglit  out  in 
1882,  was  based  on  the  joint  but  independent  proposal  of 
Lord  Kelvin  and  Mr.  S.  Z.  de  Ferranti  to  substitute  wave- 
windings  for  coils. 
In  the  machine  as  construct«d  at  that  date,i  the  field- 
>  See  Specification  of  Patent,  No.  ST02  gf  1883  ;  uid  for  later  deuOls,  Na 
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tnftgnet  consisted  of  two  crowns  of  alternate-poles,  precisely 
as  in  the  alternators  of  Wilde  and  Siemens;  and  the  arma- 
ture consisted  of  strip  copper  bent  into  a  wary  star  form. 
There  were  eight  loops  in  the  zigzag  (as  shown  in  Fig.  412), 
and  on  each  side  were  16  magnet  poles ;  so  that  the  current 
flowing  radially  outward  past  a  N-poIe  flowed  radially  inward 
past  a  S-pole.     The  copper  strip  was  wound  round  on  itself 
(with  insulation  between)  in  many  layers ;  the  limbs  of  the 
star  being  held  in  place  by  insulated  bolts  passing  through 
8tar«haped  face-plates.     The  advantage  of  the  armature  of 
zigzag     copper     was 
supposed  to  lie  in  its 
strength     and     sim- 
plicity   of    construc- 
tion. 

In  the  later  altei^ 
nators  of  Ferranti  the 
zigzag  mode  of  wind- 
ing has  been  entirely 
abandoned,   and    the 
coils  are  wound  separ- 
ately and  then  assem- 
bled into  a  disk.    The 
mode  of  construction 
is   explained  by   the 
figures  which  follow. 
TiQ.  412.— Ferranti  Arhatube  (1882).        Each    coil  is   wound 
upon    a    rigid    coi'e. 
The  cores  are  constructed  of  brass  strips  spreading  fan-wise, 
■with  asbestos  between,  brazedsolidly  together  at  one  end,  and 
united  to  a  brass  piece  drilled  with  an  aperture  A  (Fig.  413). 
The  winding,  the  inner  end  of  which  is  soldei-ed  to  the  bi-ass 
piece,  is  of  ribbon  copper  slightly  corrugated  to  secure  greater 
rigidity,  wound  with  a  tape  of  thin  vulcanized  fibre  between. 
The  coils  are  mounted  in  twos  in  brass  coil-holders,  depicted 
at  D,  Fig  415,  into  which,  with  inteiposed  layers  of  mica  and 
fibre,  they  are  secured  by  bolts  ^hich  pass  through  their  eyes. 
The  two  coils  in  each  holder  are  separated  mechanically  and 
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ilectriosUy  by  interposing  apiece  of  fibre  of  the  form  shown  at 
H ;  but  the  holder  constitutes  a  metallic  connection  from  the 


418.— Single  Coil  of  Fig.  414. 
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Fn.  415.— Details  of  Ferbanti  Arxatusx. 

^e  A  of  the  one  to  the  eye  A  of  the  other.    Consequently,  a 
^^Unent  circulating  from  outside  to  inside  of  one  coil  must 

O— Vol.   4 
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circulate  from  inside  to  outside  of  the  other.     The  outside  end 
of  each  coi'.  is  joined  to  the  outside  of  the  nearest  coil  in  the 
next  holder.     The  holders  must  of  course  be  insulated,  and 
yet  held  mechanically  and  firmly.     For  tliis  purpose  they  are 
provided  with  a  tail-piece  D',  of  circular  section,  which  passes 
through  a  porcelain  hush  E,  and  is  threaded  to  receive  a  metal 
foot  which  is  further  secured  by  a  pin  passing  through  D'. 
The    tail-piece,    pro- 
tected by  its  porcelain 
bush,  piisses  through 
the  rim  of  a  strong 
foundation  ring,  hav- 
ing    apertures     into 
which  the  metal  feet 
ai'e      inserted,      but 
which  are  much  wider 
and  longer.     The  gap 
between  them  is  then 
filled  up  by  pouring 
in  a  molten  compound 
of  sulphur  and  pow- 
dered    glass,    wliieli 
secures  and  inNulates 
them.   On  the  side  o£ 
each  coil-holder  pro- 
jects a  small  oblique 
wing,  to  promote  ven- 
tilation.    In  all  the 
larger  machines    the 
Coil-holders.  coils    are    connected 

up,  as  shown  in  Fig. 
414,  in  two  series,  which  are  joined  together  in  parallel.  This 
grouping  is  effected  by  placing  all  the  coils  in  one  half  cir- 
cumference right-handedly,  and  in  the  other  left-handedly, 
and  is  adopted  so  as  to  keep  widely  apart  the  coils  that  differ 
moat  in  their  potentials. 

Two  copper  rods  pass  inwards  from  the  tail-pieces  of  two 
of  the  coil-holdera  at  opposite  ends  of  a  diameter,  and  a^A  led 
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to  the  collecting  arrangements  which  are  mounted  on  the 

end  of  the  shaft. 
Fig.  417  relates  to  a  225  kilowatt  Ferranti  alternator,  and 
gi-v&s,  a  view  of  half  the  armature  and  half  the  field-m^net. 
Here  it  is  seen  how  tlie  copper  connector  D*  passes  from 


Pia.  417— Ferranti  Alternator  (225  kilowatts).    Scale  /j. 

the  coil-holder  D  to  m,,  a  bolt  uniting  it  to  the  collecting 
Apparatus.  The  cut  also  shows  how  the  field-magnet  is  built 
in  two  separate  halves,  each  of  which  can  be  racked  laterally 
aside  by  a  lever  N  and  rack  M  to  expose  the  armature  for 
cleaning  or  repairs.  The  speed  of  this  machine  is  350  revo- 
lutions per  minute,  and  the  diameter  of  the  armature  5  feet 
6  inches. 
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Fig.  418  vcfffcsents  on  a  scale  of  1 :  72  the  1000  kilowatt 
alteroHtoi's  as  used  at  tlie  Deptford  ligliting^txtion.  Tltese 
■ncfaines,  npalde  of  giTing  100  unpens  at  10.000  Tolts, 
wImd  nraoing'  at  120  rerolntions  per  miimte,  are  driTen  by 
npe-gnuing  fiom  engine*  of  marine  tjpe.  The  pulley, 
wliicli  liiis  gri'oovea  for  27  ropes,  is  nearly  10  feet  in  diameter, 
and  over  10  feet  long.  It  is  built  in  two  parts  N  and  X,, 
united  by  bolts  at  a.  and  is  keyed  to  the  middle  of  the  shaft 


Fia.  41H.— Ferranti  Alibbmatok  (1000  ulowatis).    Scale  ^ 


between  two  bearings  j-  mounted  on  pedestals  which  curve 
inwards  at  both  ends.  The  joonials  are  of  DDOsnal  length, 
and  the  bearinga  awivel  npoo  sptierical  Beats.  End  pUy  is 
prevented  by  collars  at  the  outer  ends  of  tbe  shaft.  The 
exact  position  of  tbe  palley  upon  tbe  shaft  can  be  adjusted 
by  a  central  screw  collar  <?,  tamed  by  a  handle  U.  This 
adjustment  U  rendered  necessai-y  because  the  srmatnre  is 
mounted  upon  the    end  rira  F  of  the  pulley  itself,  over- 
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hanging  the  bewiug;  and,  as  the  clearaaoe  faetveen  the 
armature  coils  and  tlie  magnet  pole-£aees  is  veiy  small,  any 
wearing  of  the  bearings  might  cause  ti»e  arniatiireHSoils  to 
come  dangerously  close  to  the  pole-faces.  Tlie  coil-holders 
and  porcelain  buslies  are  shown  at  D  and  E.  The  magnet- 
poles  are  held  in  a  large  external  cast4rou  frame.  There  are 
48  poles  in  each  crown,  of  alternate  polarity.  The  faces  are 
covered  with  caps  of  thin  ebonite  to  protect  against  spark 
discharges  from  the  ooils.  The  armature  coils,  also  48  in 
number,  are  each  cajpaUe  of  genexating  about  420  volts,  an<f 
will  cany  a  current  of  50  to  55  ampezes  without  undue 
heating.  The  mean  diameter  of  the  aimature  is  15  feet, 
and  its  peripheral  speed  is  therefore  5850  feet  per  minute. 
Tlie  thickness  at  the  working  part  is  only  |  inch.  Owing 
to  the  mode  of  driving  the  armatura  the  insulated  coppei 
connections  must  pass  through  tlie  bearing,  and  are  therefore 
carried  along  in  a  channel  through  the  shaft.  The  most 
elaborate  precautions  are  t<'iken  against  the  possibility  of  a 
stoppage  aiising  from  over-heating  of  Um  bearings.  There 
is  a  double  circulation  of  water  and  of  oil.  On  the  end  of 
the  shaft  opp<3site  to  the  collecting  apparatus  an  eooentric 
works  an  oil-pump  j9,  which  pumj)S  oil  through  a  filter  out 
of  the  reservoir  K  under  the  platform^  and  distributes  it 
under  prensure  to  the  oil-ways  a  in  the  bearings,  whence  it 
returns  to  the  reservoire. 

Tlie  allemators  lately  constructed  by  Mr.  Ferranti  for  the 
Poilsmouth  central  station  *  are  of  entirely  different  con- 
struction, and  follow  very  closely  the  lines  of  Brown^s 
machine,  Plate  XVil. 

Mordey^9  Alternator. — This  striking  form  of  machine,  firet 
brought  out  in  1888,  is  oonstiucted  by  the  Brush  Electrical 
Engineering  Company,  of  London.  One  of  small  size  is 
depicted  in  Fig.  419,  while  on  Plate  XIV.  are  given  draw- 
ings of  one  of  the  200  kilowatt  machines,*  lately  erected  at 
the  Leicester  lighting  station. 

1  See  Electrician,  xxxiii.  157,  1804. 

2  See  The  Engineer,  Ixxx.  57,  July  19,  1895.    The  figmes  given  in  plate 
XIV.  have  been  reproduced  from  this  article. 
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The  cbaracteristio  features  of  the  Mordej  altomator  are 
the  stationary  thin-disk  armatiire,  and  the  solid  reTolving 
field  magnet.    Id  the  latter,  though  thete  are  two  crovos  of 
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poles  between  which  the  armature  lies,  all  the  poles  on  one 

side  are  of  one  kind,  north  poles,  and  all  tliose  on  the  other 

side  are   south  poles.     Hence   there  is  no  reversal   of  the 

magnetic  field  through  the  armature  coils ;  the  number  of 

magnetic  lines  through  any  coil  simply  varying  from  zero 

to  maximum  and  back.     As  a  result  of  this  arrangement, 

tliere   is   a    great  simplification   of   the   means   needed   to 

nicignetize  the  field-magnets.     One  single  coil  surrounding  a 

oentral  cylinder  of  iron  suffices  to  magnetize  the  whole  of  the 

I>oles.     There  is  indeed  only  one  magnetic  circuit,  branching 

into  separate  branches.    The  construction  of  the  field-magnet 

is  as  follows  ^— 

A  pulley-shaped  iron  cylinder,  through  which  the  shaft 

J>asses,  forms  the  core,  and  is  surrounded  by  the  exciting  coil. 

-A^gainst  the  ends  of  this  core  are  firmly  screwed  up  the  two 

^iid  castings  (Plate  XIV.  Fig.  3)  each  of  whicli  is  furnislied 

"^v-ith  a  number  of  polar  projections  varying  from  9  in  small 

ixiachines  to  60  in  large  ones,  projecting  toward  one  another ; 

"the  narrow  polar  gap  between  them  being  only  just  wide 

Enough  to  admit  the  armature.     The  entire  field-magnet  re- 

"V-  ol ves  on  the  shaft,  the  exciting  coil  being  supplied  with  current 

f  xom  a  separate  machine  by  means  of  two  contact  rings  on 

t:l}e  shaft.     There  is  ho  need  for  the  exciting  coil  to  revolve ; 

l:>iit  for  mechanical  reasons  it  was  deemed  preferable  to  wind  it 

^.ctually  upon  the  field-magnet  core.     The  armature  coils  are 

<^f  copper  ribbon,  wound  upon  narrow  wedge-shaped  cores  of 

Enamelled  slate,  and  insulated  with  a  thin  tape  between  the 

"turns.     Each  coil  is  held  in  a  German  silver  bracket  embedded 

in  ebonite  and  firmly  clamped  to  the  exterior  frame.     All 

"tie  metal  clampings  are  outside  the  magnetic  field,  and  are  so 

^ri-anged  that  any  one  coil  can  be  removed  in  a  few  minutes 

"Vvithout  dismounting  any  other  part  of  the  machine. 

As  the  armature  is  stationary  there  are  no  centrifugal 
forces  to  be  considered,  and  the  coils  have  to  be  supported 
Only  with  a  view  of  resisting  the  tangential  drag  of  the  field. 
The  revolving  field-magnet  forms  an  excellent  fly-wheel, 
Hnd  as  there  are  no  parts  liable  to  fly  out,  a  high  speed  of 
driving  presents  none  of  the  difficulties  that  arise  with  many 
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other  types  of  machine.  The  journals  are  furnished  with  a 
shoulder  to  limit  end-play,  and  the  bearing  blocks  are  made 
adjustable  longitudinally,  so  that  the  field-magnet  may  be 
placed  exactly  symmetrically  with  respect  to  the  armature. 
The  electromotive-force  is  1  volt  per  8i  inches  of  conductor. 
The  very  low  resistance  of  the  armature,  and  almost  complete 
absence  of  armature  reactions,  makes  the  machine  almost  self- 
regulating,  a  point  of  some  importance  for  parallel  running, 
and  fof  operating  motors. 

In  some  cases  a  small  continuous-current  machine  is 
mounted  on  the  same  shaft  as  shown  in  Fig.  419,  to  excite 
the  field-magnets. 

Owing  to  the  excellent  conditions  of  ventilation,  it  comes 
about  that  the  limit  of  curi^nt-density  is  not  fixed  by  risk 
of  overheating,  but  by  considei^ations  as  to  efficiency  and 
self-regulation.  The  amperage  at  full  load  is  no  IcJss  than 
8300  amperes  per  square  inch.  Loss  by  hysteresis  there  is 
none,  owing  to  absence  of  any  armature  core.  The  eddy- 
currents  in  the  conductor  are  trifling  ;  the  copper  tape  needing 
no  further  lamination.  The  coil-holders,  moreover,  ai'e  of 
German  silver,  the  high  specific  resistance  of  which  alloy 
reduces  the  losses  by  eddy-currents  to  -j^th  or  ^\kL  of  what 
they  would  be  if  brass  were  used.  A  proof  that  the  waste  is 
almost  entirely  confined  to  the  C^r  loss  is  afforded  by  the 
fact  that  a  75  kilowatt  machine  when  driven  on  open  circuit 
but  excited  to  give  its  full  voltage,  only  absorbs  3  H.P., 
the  armature  keeping  quite  cool.  It  is  a  curious  point  that 
in  these  machines  the  losses  due  to  friction,  hysteresis  and 
parasitic  currents,' though  moderately  great  at  low  loads,  are 
not  only  proportionally  but  actually  less  at  full  load.  Machines 
which  show  very  great  losses  at  low  loads  are  uneconomical 
for  central  station  work. 

The  construction  of  this  alternator  is  more  completely 
shown  in  Plate  XIV.,  which  depicts  the  machines  erected  in 
the  Leicester  central  station.  In  its  general  features  it  is,  as 
already  seen,  similar  to  the  machines  made  by  the  Brush 
Company  for  some  years,  but  with  certain  detail  modifications. 
An  end  elevation,  partly  in  section,  is  shown  in.  Fig.  (1)  ;  a 
side  elevation  in  Fig.  (2)  ;  a  part  section  of  the  field-magnet — 


Alternators.  623 

to  a  larger  scale — ^in  Fig.  (8) ;  side  and  end  yiewsof  an  arma- 
ture coil — to  a  larger  scale — in  Figs.  (4)  and  (5).  The  armature 
is  stationary,  and  consists  of  120  coils  mounted  in  ebonized 
Grerman  silver  clampe — see  Figs.  (4)  and  (6) — secured  to  the 
cti*mature  ring  by  bolts  passing  through  slotted  holes  in  the 
flsinge  of  the  ring — see  Fig.  (5).    The  armature  coils  consist 
of  thin  copper  ribbon  wound  with  suitable  insulation  round  a 
slate  core.     Down  the  middle  of  the  slate  core  a  number  of 
STinall  slotted  holes  are  drilled,  these  holes  serving  for  a  lacing 
c>f   hard-tanned  cord   which  is  put  round  the  coils  under 
I>xessure  after  they  have  been  covered  with  a  thin  layer  of 
K^ciica  and  tracing-cloth,  the  object  of  which  is  to  prevent  a 
^X?*^*^^"^?  ^  ^^®  poles  and  to  earth.     They  are  set  radially 
^x^^-CDund  a  gun-metal  ring,  which  is  bolted  to  a  cast-iron  frame 
ivided  into  four  sections,  two  of  which  are  below  the  floor 
rel ;  each  section  is  pivoted  on  end  girders  of  cast  iron,  and 
«.n  be  readily  swung  back  for  inspection  or  repair  of  the 
oils.     An  equalizer  is  placed  in  one  of  the  girders,  as  the  two 
alves  of  the  armature  are  connected  in  parallel.     The  field- 
^^^agnet  consists  of  massive  steel  castings  with  60  pail's  of  polar 
rojections,  and  is  excited  by  one  central  coil  provided  with 
wo  gun-metal  collecting  rings  mounted  on  the  shaft,  and  the 
"^^hole  rotates  in  ample  swivel  bush  bearings.  An  examination 
f  the  section   of  tlie  magnet — seen  in  Fig.  8 — will  render 
escription  almost  unnecessary.     The   field  winding  is   an 
"Annular  coil  wound  directly  ou  the  annular  cast  steel  core,  the 
winding  being  separated  into  two  portions,  leaving  a  radial 
space  the  whole  way  round.     A  number  of  conical  radial  air- 
passages  allow  a  very  free  supply  of  air  for  ventilating  and 
cooling  purposes  to  pass  from  the  hollow  hub  quite  through 
the  field  winding,  and  over  the  armature  which  stands  in  the 
air-gap  between  the  polar  extensions.     The  magnet  will  be 
seen  to  consist  of  two  cheeks  secured  by  bolts  and  circular 
keys  to  the  inner  flanged  magnet  core.     In  smaller  sizes  of 
machines  these  cheeks  are  cast  steel,  each  in  one  piece,  but  in 
the  machine  illustrated,  and  in  all  the  larger  machines,  each 
cheek  consists  of  two  pieces,  divided  as  shown.     The  armature  • 
ring  is  divided  into  four  portions  hinged  at  the  ends  of  the 
machine  near  the  horizontal   diameter.     This   arrangement 
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allows  of  any  one  quadrant  being  readily  withdrawn  for 
purposes  of  examination,  or  cleaning,  or  repairing.  In  Fig.  (1) 
is  shown  a  quadrant  standing  out  from  the  magnet  in  this 
way.  The  whole  of  the  armature  coils  are  accessible  without 
removing  any  part  of  the  machine,  because  there  is  a  gap 
between  the  adjacent  poles  on  either  side,  rather  more  than 
equal  to  the  width  of  one  armature  coil.  Thus,  in  any 
position,  half  the  armature  is  accessible,  and  by  moving  the 
field-magnet  round  very  slightly,  the  other  half  becomes 
accessible.  This  facilitates  the  ordinary  cleaning  work,  while 
for  periodical  examination  it  is  easy  to  withdraw  the  arma- 
ture quadrants  as  shown.  End  play  is  limited  by  taking  the 
thrust  on  a  shoulder  on  the  shaft  bearing,  on  the  inside  end 
of  each  bearing.  The  lubrication  is  effected  by  means  of  a 
small  oil  pump  of  the  Roots'  blower  type,  seen  in  Figs.  (1)  and 
(2)  at  the  side  of  the  machine.  These  machines  work  at  96 
revolutions  per  minute,  having  an  output  of  100  amperes  at 
2000  volts.  The  smallness  of  the  armature  reactions  may  be 
judged  by  the  circumstance  that  if  the  excitation  is  kept 
constant,  the  voltage  rise  from  full  load  to  no  load  is  only 
7  per  cent. 

A  number  of  Mordey  alternators  of  750  kilowatt  output 
were  constructed  by  the  Brush  Co.  (or  the  City  of  London 
lighting  station. 

Mr.  Mordey  has  designed^  a  considerable  number  of  alternative 
forms,  all  characterized  by  the  combination  of  the  two  principles 
of  simplicity  of  magnetic  circuit  and  non-reversal  of  polarity  in 
the  armature.  Some  designs  for  machines  of  kindred  type  have 
been  patented  by  W.  Main.* 

Parsons^  Alternator. — This  is  a  high-speed  machine  of  bi- 
polar or  tetrapolar  type  designed  for  running  at  3000  to  10,000 

1  Specification  of  Patent,  8262  of  1887. 

a  Specifications  Nos.  15,858  and  16,032  of  1887.  The  device  of  employing 
field-magnets  with  a  greater  number  of  pole-pieces  than  of  exciting  coils  had 
been  previously  employed  by  Holmes  (Specification  2060  of  1868),  and  more 
recently  by  J.  and  £.  Hopkinson.  Another  machine,  by  Kllmenko,  shown 
at  Yienna  in  1883,  had  a  fixed  armature  with  Iron  cores  between  the  poles 
of  a  revolying  field-magnet,  with  multiple  pole-pieces. 
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revolutions  per  minute,  when  coupled  to  the  special  high-speed 

steam  turbine  ^  of  the  same  inventor.    Hence  it  is  sometimes 

known  as  a  turb(Hiltem(xtor.    This  combination  has  lately 

come  into  notice  owing  to  its  possessing  the  qualities  not  only 

of  a  good  eificiency,  but  of  an  almost  complete  freedom  from 

ii:iechanical  vibrations.     It  has  in  consequence  been  adopted 

for  city  lighting  stations  in  various  parts  of  England.     It 

occupies  less  space  than  any  other  form  of  combined  plant. 

Plate  XV.  gives  a  scale  drawing  of  a  850  kilowatt  turbo- 

stl  ternator  of  the  same  design  as  those  used  by  the  Metro- 

I>olitan  Electric  Supply  Co.  in  their  centi-al  station,  Man* 

oliester  Square,  London.     The  armature  consists  of  laminated 

ix^onf,  the   core-disks  measuring  18  inches  outside  diameter. 

There  are  60  holes  around  the  circumference,  through  40  of 

"vvliich  are  passed  conductors.     Thus  there  are  virtually  only 

"txvo  coils,  with  10  turns  in   each,  and  yet  so  great  is  the 

speed  that  a  pressure    of  1000    volts    is  generated.      The 

JTiachine  having  four  poles,  a  speed  of  3000  revolutions  per 

ixiinute  gives  a  frequency  of  100  per  second.     The  governing 

of  the  machine  is  accomplished  iis  follows.     Steam  is  admitted 

to  the  turbine  in  a  series  of  gusts  by  the  periodic  opening  and 

closing  of  a  double-beat  lift-valve,  the  valve  being  opened 

once  in  every  15  revolutions.     The  duration  of  each  gust  is 

controlled  by  a  solenoid  which  is  connected  as  a  shunt  to 

the  field-magnets.     The  field-magnets  being    excited  by  a 

small  continuous-current  machine  on  the  same  shaft  as  the 

alternator,  the  pressure  at  its  terminals  is  a  measure  of  the 

speed.     The  regulator,  which  will  be  seen  in  Plate  XV.  on 

the  top  of  the  magnets,  opei'ating  a  long  lever  reaching  to 

the  valve  in  question,  has  a  series  coil  as  well  as  a  shunt  coil, 

the  effect  of  which  is  to  increase  the  speed  at  heavy  loads  so 

as  to  keep  the  pressure  constant.     At  full  load  the  gusts 

become  blended  into  an  almost  continuous  blast,  the  lift-valve 

closing  only  momentarily  or  not  at  all.     The  action  of  this 

governor  is  most  satisfactory.     The  consumption  of  steam  is 

only  25  lbs.  per  kilowatt-hour  at  full  load,  and  with  super- 

1  See  Electrician,  xx,  103,  1887  ;  and  Proc.  Inst.  Civil  Engineers,  xcvii, 
Feb.  1889. 

40 
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heating  it  can  be  still  further  leduced.  The  total  weight  ol 
this  plant,  including  tiirbcKaltematorv  exciter  and  bed-plate^ 
is  about  12  tons.    The  copper  in  the  armature  ^weighs  58  lbs. 

(J^eneralJSUctrie  CoJ't  Aitenuxtors, — The  ThoniBDa-Houston 
alternators  with  stationary  external  magnets  and  internal 
revolving  anuatoie  were  described  in  the  previous  edition  of 
tliis  work,  where  also  an  illustration  was  given  of  tlie  ^  com- 
posite^'method  of  excitation.  These  were  high  frequency 
machines  of  133  cycles  per  second.  Some  of  these  alter- 
nators, of  500  kilowatt  output  at  100  periods  per  second, 
have  recently  been  furnished  to  the  City  of  London  lighting 
station,  where  they  are  direct  driven  by  WiUans  triple- 
expansion  thiee^iank  engines.  The  same  oompany  has  lately 
developed  a  low-frequency  alternator  operating  on  an  nn- 
symmetrical  Sybase  plan,  termed  the  ^  monocyclic  "  system,^ 
the  third  cii*cuit  being  merely  intended  for  starting  motors. 

Westinffk^H^e  OoJ^s  AUerruston. — These  have  already  been 
generally  described.  At  the  Chicago  Exhibitioa  in  l8dS 
were  shown  some  large  2-phase  alternators.  They  resembled 
Fig.  402  in  general  design,  but  were  virtually  double 
machines,  having  side  by  side  two  similar  field-magnets,  each 
of  86  poles,  and  within  two  similar  armatures  upon  the  jsame 
shaft.  But  the  armatures  were  ^  staggered  " ;  that  is  to  say, 
they  were  so  mounted  Uiat  one  of  them  had  an  angular  ad* 
vance  over  the  other  equal  to  one-half  the  angular  breadth 
from  a  N-pole  to  a  S-pole.  By  merely  shifting  the  second 
armature  tiie  same  machine  might  be  used  as  one  single-phase 
alternator.  In  this  case  the  adoption  of  a  2-phase  system  is 
not  accompanied  by  any  economy  of  spaoe  or  material  in  the 
machine.  These  alternators  are  of  750  kilowatt  output, 
running  at  200  revolutions  a  minute,  and  having  a  frequency 
of  60  periods  per  second. 

In  its  more  recent  polyphase  machines  ^  the  Westinghoiise 
Company  has  adopted  a  **  distributive  ^  winding  (p.  681)  of 
die  armature.  It  also  constructed  the  Niagara  altematOEB 
described  below  (p.  636). 

A  ElectHeal  Wi^rld,  xxv.  182  ;  VEclixirage  Mectiiqne^  UL  152. 
« lb.  XXV.  713,  745,  1895. 


AUemaiors.  637 

0«teIlKi(i^  of  Berlin  hag  developed  the  Sybase  system  in  ita 
•Itematora,  from  the  designs  of  Mr.  DobrowdlBky.  Fig.  420 
illutrfttea  &  Dzebstrom  geDentor  of  89  kilowatts,  with  fixed 
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external  rndiftl  poles,  and  a  reyolving  annatnre  with  sank 
Wave-winding. 

The  large  S-phase  inductor  alternators  made  by  this  com* 
pany  for  the  Strasshurg  lighting  station  are  considered 
later. 

Oerlxkon  Co'b  Alternator: — In  1890-91  this  company 
coQsimcted  from  the  designs  of  Mr.  C.  E.  L.  Browa  the 
3-phas8  alternators  for  Lauffen  on  the  Neckar.  They  vere 
intended  for  supplying  current  to  tlie  town  of  Heilbronn,  sis 
miles  away,  but  were  first  employed  in  the  now  famous 
historical  trauamission  of  power  from  Lau£Fen  to  Frankfort, 
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a  distance  of  110  miles,  on  tlie  occasion  o£  the  Frankfort 
Exhibition.  Thoagb  propelled  by  vertical-^haft  turbines,  the 
alternatora  have  horizontal  axes  driven  by  toothed  wheel 
gearing.  They  have  revolving  internal  field-magnets  with 
an  external  armature  with  zigzag  ari'angemeiits  of  conductors 
passing  tlirough  holes  in  the  eore-rings.  Fig.  421  gives  a 
general  view,  whilst  Fig.  422  shows  tlie  field-magnet  after  the 


Fio.  421.— Three-piiase  Alternator  used  at  Lacffen. 

ftrmature  has  been  slid  away  for  inspection.  The  niacMn© 
generates  three  currents,  each  of  1400  amperes  at  a  pressure 
of  50  volts ;  taking  300  hoi-se-power  when  running  at  150 
revolutions  per  minute.  The  armature  has  an  ext«rnal  di- 
ameter of  189'4  cm.  (nearly  6  feet)  and  an  internal  diameter 
of  176-4,  The  total  thickness  of  core-rings,  parallel  to  the 
■haft,  is  B8-0  cm.    Around  the  inner  periphery  of  the  core- 
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rings  are  96  circular  holea  33  mm.  in  diameter  at  distancea 
of  60  mm.  apart.  Each  of  tliese  holes  is  lined  with  a  tnbe  of 
asbestos,  and  through  each  passes  a  solid  copper  rod  29  mm. 
in  diameter.  The  core-rings,  built  up  of  segmental  stampings, 
are  assembled  in  a  strong  cast-iron  frame.     The  winding,  if 


FlQ.  423.— FlELD-MAaNET  OF  S-PHASK  ALTERNATOR  AT  LaUFFEN. 

BHch  it  can  be  called,  is  in  three  independent  zigzags  of  32  con- 
ductors each,  connected  according  to  the  following  scheme:— 

Set  A,  1,  4,  7,  10,     ...     .     91,  94. 
Set  B.  95,  92,  89,  86,    .    .    .    5,  2. 
Set  C,  93,  90,  87 3,  96. 

The  ends  of  Nob.  94,  2,  96,  are  connected  to  a  common 
innction  J,  while  Nos.  1,  95  and  93  are  severally  brought  out 
to  three  external  terminals.     This  constitutes  a  star-winding 
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(p.  669) ;  the  geueral  arrangement  being  illuBtrated  ta 
Fig.  423. 

The  gap-space  between  the  armature  core-ring  and  the 
pole-faces  of  the  field-magnet  ia  6  mm.  This  field-magnet 
has  32  poles.  It  is  of  great  solidity  and  simplicity,  having 
but  a  single  magnetic  circuit.  The  excitiug  coil  is  wound  in 
a  channel  on  the  periphery  of  a  sort  of  pulley  of  cast  iron, 
to  which  are  bolted  two  steel  liins,  each  carrying  16  polar 
expansions  or  horns.  Each  of  the  polar  faces  has  an  area  of 
86  X  16  sq.  cm.  The  channel  is  18  cm.  wide  and  9  cm.  deep. 
Ia  it  lie  496  windings  of  copper  wire  5  mm.   diametei'.     A 
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section  of  this  channel  is  given  in  Fig.  424 ;  and  Fig.  425 
illustrates  the  way  in  which  the  polar  horns  project  inwardly, 
the  N-poles  between  the  S-poles  over  the  exciting  coils.  This 
arrangement  reduces  the  cost  of  construction  and  of  excitation 
to  a  minimum.  In  fact,  on  open  circuit  only  100  watts  are 
spent  on  excitation — one-twentieth  of  one  per  cent,  of  the  ouU 
put;  and  at  full  load,  when  the  armature  reaction  is  a  maxi- 
mum, it  is  still  far  less  than  one  per  cent.  This  excitation  is 
famished  by  a  small  separate  dynarao.  The  exciting  current 
is  conveyed  to  the  rotating  part  by  means  of  flexible  metallio 
cords  running  over  insulated  pulleys,  in  lieu  of  the  usual 
ooatact  rings  and  brushes.    At  full  speed  and  normal  voltf^ei 


Alternators.  631 

Qie  losa  by  fiiotion  and  liystoreeis  is  8600  watts,  or  nnder 
I'T  per  cent  of  the  maximum  oa^ut.  The  loss  bj  resist 
ance  of  armature  windings  at  full  load  is  8500  watta,  making 
the  commercial  efficiency  over  95  per  cent  The  heating  is, 
in  the  total  absence  of  oddy-ourrents,  quite  negligible.  Tbs 
weight  is  4J  tons.  As  there  are  16  pole-pairs  and  th9 
speed  is  150  per  minute,  the  ^quency  is  40  periods  per 
second.  The  electromotive-force,  generated  in  each  of  the 
three  windings,  as  measured  between  the  common  junction  J 
and  the  outer  terminal,  could  be  inoreased  up  to  65  volts. 


Flo.  «M.— SBcnoN  or  Tau>- 

HAONRT. 

The  same  design  was  repeated,  with  the  differenoe  that 
the  shaft  was  set  vertically  over  the  turbines,  in  the  three 
machines  made  by  the  Oerlikon  Co.  to  convey  power  to  their 
works  &om  Hochfelden,  24  kilometres  distant  They  are- 
depicted  in  Fig.  511. 

A  more  recent  3-phase  generator  of  the  Oerlikon  Co-r 
shown  in  Fig.  426,  has  a  revolving  field-magnet  of  the  same 
type  as  the  preceding  machines;  but  the  armature  is  lap- 
wound,  the  coils  passing  through  slots  in  the  laminated 
external  core.    The  exciter  is  carried  on  a  bi'acket  at  the  end 
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of  die  machine.  This  machine  has  an  output  of  22  amperes 
at  5000  volts,  at  500  revolutions  per  minute,  taking  about 
160  H.P. 

Brown'g  Altematora. — Since  1891  Mr.  C.  E.  L.  Brown  has 
continued  to  develope  the  vertical-ehaft  type  of  generator 
which  he  introduced  when  constructor  to  the  Oerlikon  Co. 
Fig.  427  gives  a  general  view  of  an  alternator  of  the  "  um- 
hrella  "  type,  with  revolving  internal  field-mi^nets,  hung  upon 
A  eix-armed  spider.   The  external  core-iings  have  perforations 


FiQ.  426.— Thbbk-pbase  Altkbhatok  of  the  Oebueom  Co. 

as  in  Fig.  421,  through  which  in  low-voltage  machines  pass 
the  stout  copper  conductors  coupled  up  in  zig-zag  very  much 
as  in  Brown's  continuous-current  drum-armatures.  The  two- 
layer-winding  is  excellent  for  this  type  of  machine.  In  high- 
voltage  machines  the  coils  are  wound  in  a  lap-winding  on  plans 
resembling  Fig.  405  or  Fig.  406  according  to  circumstances. 
A  large  number  of  the  machines  are  now  in  operation. 
One  of  these  machines,  a  8-phase  generator,  has  for  soma 
jeara  done  excellent  work  at  Schonenwerth  near  Aarau  la 
Switzerland,  furnishing  current  for  motors  in  a  large  shoe 
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tacnny.  More  recently  the  town  of  Aaniu  has  been  provided 
with  a  central  station  which  derives  its  power  from  the  waten 
of  thfl  river  Aar  by  means  of  turbines  \  the  generators  being 
of  the  same  type. 

To  the  Niagara  Cataract  Construction  Company,  Mr.  Brown 
Bubmitted  two  designs  of  "umbrella"  type,  with  revolving 
field-magnets,  for  alternators  of  5000  H.P.  One  of  these 
designs  is  reproduced  in  Plate  XVL,  and  shows  the  2-layer 
winding  in  the  stationary  armature,  together  with  the  arrange 
ments  for  lubrication. 

In  recent  years  various  forms  of  polyphase  alternators 
h.ive  been  introduced  by  Messrs.  Brown,  Boveri  &  Co.  Some 
of  these  machines  present  no  special  feature  to  distinguish 
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them  from  ordinary  alternators  beyond  having  the  coils  of  the 
armature  aiTanged  in  sets  of  twos  or  threes  to  correspond  to 
2-phase  or  3-phase  work. 

Recently  Mr.  Brown  has  adopted  a  form  of  revolving  field- 
magnet  having  a  series  of  outward-pointing  radial  poles,  with 
tlie  peculiarity  that  only  alternat*  poles  are  wound  with 
exciting  coils,  the  intermediate  ones  being  simply  projections 
of  cast  iron  of  larger  cross  section  than  the  intermediate 
cylindrical  cores  that  receive  the  coils.  He  finds  that  for 
operating  motors  it  is  heedful  to  employ  a  field-magnet  less 
subject  to  armature  reaction;*  than  the  fuiin  used  in  tlie  Lauffen 
alternators.  Fig.  428  shows  one  of  his  2-pliase  alternators 
of  800  H.P.,  in  which  this  system  of  field-magnet  winding 
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is  illustrated.  The  armature  of  this  machine  is  of  the  same 
general  coDstmction  as  the  stater  of  the  2-phase  motor 
shown  in  Fig.  470,  the  only  real  difference  between  the  two 
machines  being  that  the  one  lias  a  asparately  excited  field- 
m^net,  relatively  to  which  the  poles  remain  fixed,  and  the 
Other  has  a  rotor  in  which  the  poles  change  in  position. 


Fia,  428.— Two-phase  Altbrnator  (325  En/>wATT). 

For  the  central  station  at  Fmnkfort,  Mr.  Biown  designed 
the  five  650  kilowatt  alternatora,  driven  at  85  revolutions 
per  minnte.  In  theee  macliines  (Fig,  429)  the  pi-ojecting 
poles  of  the  revolving  magnets  are  each  separably  wound, 
the  excitation  being  derived  from  a  continuou3-current4-pole 
machine  on  the  end  of  the  shaft.  A  point  of  novelty  in  the 
design  is  the  construction  of  the  stationary  external  armature 
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M  a  wheel  capable  of  being  slowly  ttuned  round  bo  aa  to 
faring  each  part  to  a  position  convenient  for  Inspection  and 
cleaning. 

Plate  XVII.  gives  the  drawings  of  a  smaller  alternator  of 
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similar  design,  in  which  can  be  seen  the  way  in  which  the 
armature  cores  are  comtencted  in  hinged  sections,  aUowing  of 
being  removed  for  cleaning  or  repairs. 

Alioth  Convertible  Alternators. — Messrs.  Aliotih  &  Co.  of 
Miinchenstein  near  B&le,  have  recently  constructed  several 
4000  volt.  800  H.P.  alternators  for  a  power  station  at 
Keufch&tel,  which  are  intended  to  be  convertible  at  will* 
either  into  monophase  or  triphase  machines.  Fig.  430  gives 
a  section  of  one  of  these  machines  parallel  to  the  shaft, 
showing  the  exciter  on  the  left  and  the  detail  of  the  self- 
oiling  bearings.  The  field-magnet,  as  seen  in  Fig.  431,  has 
nine  pai]*s  of  poles  and  is  of  the  same  general  construction 
as  the  field-magnets  of  the  machines  shown  in  Figs.  408  and 
424.  This  magnet  is  interchangeable  with  one  having  six 
pairs  of  poles,  in  case  the  machine  should  be  required  as  a 
8-phaser.  The  crowns  of  poles  are  of  mild  cast  steel  with 
laminated  faces.  The  armature  coils,  18  in  number,  are 
wound  on  formers,  and  then  slipped  over  the  laminated  iron 
projections.  Connected  in  two  sets  of  nine  each  they  yield 
a  monophase  current,  but  when  three  sets  of  six  are  joined 
in  star  fashion  the  machine  is  a  very  efficient  3-pha.ser. 
The  power  station  supplies  both  single-phase  and  3-pliase 
current,  and  it  is  convenient  to  have  the  machines  convertible. 

The  Niagara  Alternators} — When  the  project  of  utilizing 
the  water-power  of  Niagara  by  turbines  was  taking  shape, 
the  Cataract  Construction  Company  invited  many  different 
manufacturers  in  Europe  and  in  America  to  submit  plans. 
The  machines  were  to  be  of  6000  horse-power,  driven  by 
turbines  making  250  revolutions  per  minute.  Many  of  these 
designs  were  extremely  good  ;  nevertheless  it  was  determined 
to  have  the  machines  manufactured  in  America,  owing  to  the 
high  tariff  charged  on  imported  goods,  and  to  the  cost  of 
transport.  Some  of  the  designs  (including  those  of  Mr.  Brown) 
were  of  the  "  umbrella  "  type,  but  for  various  reasons  (turning 
mainly  upon  the  constructive  difficulties  arising  from  size  and 
.;  speed)  Professor  Forbes  and  Mr-  Coleman  Sellers  wei^e  in- 

1  For  an  iUustrated  description  of  the  works  carried  out,  see  CtisHer' sMaga^ 
tine  (N.  Y.),  July  1895.  Figs.  432  and  483  are  taken  from  the  article  by  Mr, 
8tillwelL 
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structed  in  May  1898  to  get  out  further  plans  for  altematcna 
of  the  proposed  type.  Professor  Forbes  fixed  upon  an 
exteraally-revolving  umhiella  field-magoet,  with  inwardlj- 
pointing  poles  held  together  by  an  external  annulus  of  steel, 
as  possessing  both  great  strength  and  a  large  fiy-wheel  action. 


At  first  he  prepared  designs  for  a  Z-phase  machine,  having 
the  \ow  frequency  of  16|  periods  per  second,  with  8  poles. 
Eventually,  after  the  Westinghouse  Company  had  been 
selected  as  manufacturers,  it  was  decided  to  fix  the  frequency 
ftt  26,  and  to  wind  the  armatures  for  2000  volts.  The  drawings 
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pnUished  by  Professor  Forbes  ^  lelata  to  the  earlier  design, 
and  -have  certain  complications  aboat  the  armature  which 
became  nnneceaeary  when  it  vas  decided  to  keep  tbe  voltage 
at  2000. 

The  machines  as  actually  conatnicted  are  shown  in  Figs. 
482  and  438.    The  field-magnet  consists  of  a  nickel-eteel  ring 


Fio.  433.— Plaji  of  Niaoaha  5000  H.P.  2-pmabe  GxiotBATOB. 

foiled  without  a  weld,  towards  the  interior  of  which  project  12 
pole-corea.  This  is  supported  by  an  umbrella-shaped  driver 
fixed  to  the  top  of  the  shaft.  There  are  1S7  slots  in  the 
armature  with  two  conductors  in  each  slot     Each  ccwdnotor 

1  AHmal /Mt,  flectricol  fnif ineers,  Nov.  1^9. 
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is  1|}  inches  by  -f^  in  section,  with  slightly  rounded  edges* 
The  method  of  connecting  up  is  seen  in  the  drawings,  as  also 
the  method  of  bolting  the  laminated  iron  to  the  cast-iron 
frame  of  the  armature.  Around  the  hub  of  the  bearings 
grooves  are  cut  (shown  in  dotted  lines)  which  permit  water  to 
circulate  and  keep  the  bearings  cool. 

C  ONSTANT-CURRBNT  ALTERNATORS. 

A  variety  of  alternators  for  supplying  currents  of  aa 
unvarying  number  of  virtual  amperes  for  the  purpose  of  arc- 
lighting  in  series  has  been  evolved  in  the  United  States ;  the 
principal  forms'being  those  of  Stanley  ^  and  of  Heisler.*  The 
principle  of  these  machines  is  to  so  construct  the  armature 
that  it  has  great  self-induction.  This  is  accomplished  in  the 
Stanley  constant-current  alternator  by  using  in  the  armature 
\  fine  wire  of  many  turns  wound  deep  in  nicks  in  the  core 
disks. 

Inductor  Alternators. 

In  the  inductor  type  of  alternator  none  of  the  copper  con- 
ductors move,  the  only  moving  parts  being  masses  of  iron 
whose  motion  sets  up  variations  in  the  magnetic  flux.  This 
principle,  suggested  by  several  early  workers  {see  Historical 
Notes,  p.  11)  was  revived  by  the  author  of  this  treatise  in  1888.* 
During  the  last  two  or  three  years  much  progress  has  been 
made  in  the  application  of  machines  of  this  type. 

Kingdon^s  Inductor  Alternator* — In  this  machine  the 
inductor  principle  is  applied  in  the  following  way.  A  ring 
having  a  large  number  of  internally  projecting  poles  is  en- 
tirely built  up  of  laminae  ^i  soft  iron.  As  shown  in  Fig.  434, 
the  alternate  poles  A  are  wound  with  coils  to  serve  as  arma* 
ture  parts,  whilst  those  between  them  F  are  wound  with  other 

1  Electrical  World,  xv.  45,  and  xvl.  389, 1890  ;  also  The  Electrician^  J3iyr, 
623,  XXV.  146,  and  xxvi.  20,  1890. 

«  Electrical  Remew,  xxv,  207,  1889. 

*  Specification  of  Patents,  No.  1639  of  1883,  which  led  up  to'Mr.  KiiUF' 
don^s  form,  see  Electrical  Review,  xxii.  178,  1888. 
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ooilfl  to  act  as  the  magnet  part.  Upon  an  internal  wheel  are 
home  masses  of  laminated  iron  F,  which  in  rotating  produce 
npid  periodic  reversals  in  the  magnetic  polarity  of  the  cores 
of  the  armature  parts,  and  set  up  alternate  ourrenta  in  the 
coils  that  surround  them- 

la  the  50  kilowatt  machine  there  are  16  field-magnet  or 
primary  coils,  and  16  armature  or  secondary  coils.  The  in- 
ductor wheel  carries  16  inductor  blocks,  each  just  long 
enough  to  span  the  width  of  two  succesave  coils  on  the  poles 
of  the  outer  ring.  Its  diameter  is  4  feet  5  inches,  and 
breadth  12  inches ;  speed  360  revolutions  per  minute. 


Fig.  4S4.— KtHGDOK'e  Inductos  Altebhatos. 

Mordey't  Inductor  AUernatorg. — In  1888,  Mr.  Mordej 
designed  ^  several  types  of  inductor  machines,  which  were 
described  in  the  previous  edition  of  this  work.  In  some  of 
these  machines  there  was  but  one  primary  winding,  and  in 
others  both  primary  winding  and  secondary  winding  consisted 
of  a  single  annular  coil  each,  though  the  polar  projections 
were  numerous.  These  machines  may  be  looked  upon  as  an 
a.pparatns  for  periodically  varying  the  mutual  induction  be- 
tween two  circuits  in  one  of  which  there  is  a  steady  current. 

Stanley-Kelly  Inductor  Alternators. — The  Stanley-Kelly 
Co.,  of  Pittsfield,  Massachusetts,  has  brought  to  great  per- 
fection a  2-pha8e  alternator,  having  rotating  inductors  of  cast 
steel  with  laminated  polar  projections.  The  armature  part 
closely  resembles  Fig.  477,  which  shows  the  stationary  part  of 
a  Stanley-Kelly  motor. 

1  Speclflcktlon  of  Fatant,  No.  Slffl  of  188S. 
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Mihu  TKonuon's  Inductor  Alternator. — -This  machine  was 
described  and  figured  in  the  previous  editioa  of  this  work. 
The  inductor  was  a  simple  toothed  wheel,  built  up  of  lanh 
inated  disks  moonted  on  a  cylinder  of  iron. 


Pike  and  Harrii's  Inductor  Alternator. — This  compaot 
form,  which  has  been  very  successful  for  small  machines,  is 
depicted  in  Fig.  435.    The  primaiy  or  magnetizing  coil  is  aa 
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internal  helix  wound  with  ite  plane  at  right  angles  to  the 
shaft,  surrounding  a  central  pole,  and  is  surrounded  by  an 
external  iron  mantle.  Two  laminated  rings  with  toothed 
projections  support  two  sets  of  secondary  or  armature  coils 
seen  in  the  figure.  On  the  shaft  is « fixed  a  revolving  carrier 
whmh  supports  the  laminated  inductor  masses.  The  solid 
part  of  the  field-magnet  acts  also  as  a  bearing.  The  6- 
kilowatt  machine  runs  at  740  revolutions  per  minute.  It  is 
21  inches  high,  and  weighs  850  kilogrammes. 


Fig.  487.— Inductor  of 

DOBBOWODSKY'S  ALTEBNATOB. 


Fio.  486.— Section  op  Dobrowomkt'Ib 
Inductor  Alternator. 

Allgemeine  Co.^8  Inductor  Alternators. — ^Two  tjrpes  of  in- 
ductor machine  have  lately  been  constructed  from  the  designs 
of  Mr.  Dobrowokky.^  The  first,  which  closely  resembles  the 
Stanley-Kelly  alternator,  is  represented  in  Figs.  436,  437  and 
439.  The  magnetic  circuit  passes  through  an  external  iron 
case  and  two  armature  core-rings  A  A  built  up  of  stampings 
with  teeth  surrounded  by  coils,  and  is  completed  through  the 
yokes  J  J  of  the  revolving  inductor,  which  is  shown  sepa- 
rately in  Fig.  437.    For  8-phase  machines  the  teeth  of  the 


1  XMetrotee/mUehe  T^tsckrift^  Feb.  7, 1896  ;  see  also  Electrician,  xxzr.  01. 
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fixed  armature  part  are  three  times  as  numerous  as  those  tA 
the  inductor,  as  shown  in  Fig.  438 ;  but  piereed  core  rings 


Fla  488.— BKD-VIBW  of  S-PH&SE  iKDCCtOB  ALTEEHAtOI^ 


Ae.  489.^rHBBB-raASE  IMDOCIOR  AI.TBR1TAT0B  AT  STBASBBUBO. 

like  Fig.  406  may  be  used.    The  large  280  kilowatt  alter 
Dators  built  by  the  AUgemeioe  Co.  for  the  central  staUon  at 
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StrassbuTg,  are  of  the  same  type  as  the  Pyke  and  Harris 
machines,  having  laminated  inductor  masses  P,  Fig.  439, 
revolving  between  two  armature  core-rings.  Their  speed  is 
150  revolutions  per  minute.  The  excitation  is  1*4  per  cent, 
of  the  output ;  the  armature  resistance  loss  is  2  per  cent.,  and 
total  hysteresis  loss  is  1*3  per  cent.  The  copper  used  is  only 
2  kilogrammes  per  horse-power,  and  the  iron,  excluding  shaft 
and  bearings,  about  22  kilogrammes  per  horse-power. 

BrawrCi  ^Phase  Indtictor  Generator, — This  is  a  machine 
constructed  to  meet  the  requirements  of  high  speed  with  low 
frequency.  The  inductor  magnet  is  simply  a  mass  of  cast 
steel  having  on  each  end  a  set  of  4  arms,  which,  by  the  mag- 
netizing action  of  a  stationary  coil  between  them,  acquire 
opposite  polarities.  As  shown  in  Fig.  440,  these  arms  are 
set  to  operate  alternately  upon  tlie  coils  of  the  fixed  armature, 
which  has  its  windings  carried  through  holes  in  the  inner 
periphery  of  two  sets  of  core-disks  mounted  in  an  outer  iron 
frame. 

Other  Inductor  Machines. — Amongst  other  designs  of  in- 
ductor types  may  be  mentioned  those  of  Mr.  Rankine  Ken- 
nedy and  M.  Thury.  The  largest  of  Thury's  alternators, 
which  are  built  by  the  Compagnie  de  Tlndustrie  ^lectrique, 
of  Geneva,  are  those  at  Chdvres,  six  kilometres  from  Geneva, 
where  the  water-power  of  the  Rhone  is  used  for  the  lighting 
of  that  city.  These  machines,  which  are  of  about  900  kilo- 
watts each,  are  two-phase  machines  with  vertical  shaft. 

The  reason  of  the  tendency  which  manifests  itself  just 
now  to  favor  the  inductor  type  of  alternator  is  not  very  ap- 
parent. Against  the  advantage  that  there  is  no  moving 
copper,  must  be  set  the  disadvantage  of  greater  iron  losses. 
In  general,  the  eflSciency  of  these  machines  is  two  or  three 
per  cent,  lower  than  that  of  alteiiiators  of  other  types.  They 
have,  however,  some  constructional  advantages  in  those  cases 
where  either  an  exceptionally  high  speed  or  an  exceptionally 
low  speed  is  a  necessity. 
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CHAPTER  XXIV. 

%HB  COT7PLINQ  OF  ALTERKATOBS.     8YKOHROKOU8 

MOTORS. 


If  two  altemate«curreDt  machines  are  joined  up  in  the  same 
circuit  as  in  Fig.  441,  they  are  in  parallel  when  considered  at 
forming  part  of  the  lamp  circuit,  and  might  be  both  supplying 
current  to  the  lamps,  but  they  are  in  series  with  one  another 
if  we  consider  the  alternator  circuit  only,  for  we  might  out 
the  lamp  circuit  out  altogether 
and  A^  might  drive  A  2  as  a 
motor.  Many  of  the  con- 
siderations which  govern  the 
running  of  two  machines  9A 
generator  and  motor  govern 
the  running  of  two  machines 
in  parallel.  We  shall,  tliere- 
fore,  up  to  a  certain  point  treat 
the  two  cases  together,  and  in 
doing  so  consider  the  alter- 
nator circuit  only,  taking  a  certain  direction  round  the  circuit, 
viz.  clockwise  in  Fig.  441,  as  the  positive  direction  of  electro- 
motive-force and  current.  We  may  as  well  emphasize  here 
the  importance  in  all  alternate-current  problems  of  clearly 
stating  what  is  meant  by  the  positive  and  negative  sense  of 
the  quantities  considered,  as  the  utmost  ambiguity  and  con- 
fusion arises  in  many  important  contributions  to  the  subject 
owing  to  the  neglect  of  this  precaution. 

The  simplest  conception  of  two-alternate-current  machines 
in  series  is  that  of  a  closed  conductor  ah  c  d^  Fig.  442,  near 
different  points  of  which  two  magnets  rotate  so  as  to  cause  it 
to  cut  their  lines.     The  part  a  b  may  be  considered  as  the 

(J— \'ol     4 
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middle  conductor  of  an  alternator  coil.  The  change  of  position 
of  the  field-magnet  of  an  alternator  with  regard  to  the  centre 
conductor  of  one  of  its  coils  is  represented  by  the  angle  Q  in 
Fig.  442.  All  the  phase  relations  of  the  magnet's  position, 
the  electromotive-force,  and  the  current,  can  be  seen  from  this 

figure;  and  the  full 
K  \  ^  theory  (so  far  as  at 

present  known)  of  the 
synchronous  motor 
can  be  deduced  from 
it  by  the  aid  of  a  few 
"^^^  ^  gmphic  diagrams. 

First  of  all  con- 
sider that  the  magnet  A  |  only  is  rotating.  The  electromotive- 
force  e^  induced  by  it,  we  will  say,  varies  according  to 
the  law 

e^  ^  Ej  cosd, 

and  may  be  represented  by  the  projection  upon  a  vertical  line 
of  the  line  OE^,  drawn  to  scale  to  represent  the  maximum 
electromotive-force  E]  and  which  is  supposed  to  rotate  clock- 
wise about  O  in  Fig.  443.    If  the  self-induction  of  the  whole 
circuit  is  L  and  the  resistance  R,  we  would  have  from  previous 
considerations  (see  p.  562)  the  current  lagging  by  the  angle  ^  ; 
the  vertical  projection  of  R  C  at  any  moment  representing  the 
electromotive-force  which  is  in  phase  with  it.     Observe  that  a 
line  drawn  above  the  axis  of  X  represents  a  positive  electro- 
motive-force  or  current,  that  is,   an   electromotive-force  or 
current  round  the  circuit  in  the  direction  indicated  by  the 
big  arrow-heads  in  Fig.  442.     The  alternating  current  flowing 
along  c  d  would   tend  alteniately  to  turn  the  magnet  A3 
clockwise  and  counter-clockwise  so  that  it  would  not  start, 
but  if  we  artificially  run  it  up  to  the  speed  of  A^  it  will,  under 
suitable  conditions,  keep  on  running  in  synchronism  with  A  ^ 
and  exercise  considerable  torque.     These  conditions  we  have 
to  consider.   Let  us  say  that  at  a  certain  instant  the  magnets 
are  in  the  position  shown  in  Fig.  442.  The  electromotive-force 
generated  in  c  d  will  be  negative  in  sense  and  its  magnitude 
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will  depend  on  the  strength  of  the  magnet  A^.  Suppose  in 
the  first  place  that  the  two  magnets  A|  and  A  2  are  of  the 
same  strength,  then  the  electromotive*force  which  each  will 

induce  in  the  circuit  will  be  represented  by  the  lines  O  E|  and 

O  Eg  in  Fig.  444  (O  Ej  at  the  moment  we  are  considering 
being  negative).  The  two  E.M.P.*s  being  equal  and  opposite, 
the  resultant  E.M.F.  in  the  circuit  will  be  zero,  and  there  being 
no  current  to  drive  A^  the  friction  of  its  bearings  will  slow  it 


..••...^. 


FIQ.  443 


FIO.  444. 


FlO.  445. 


down  so  that  it  gets  behind  A^  in  phase.  The  electromotive- 
forces  may  then  be  represented  by  O  E^  andO  E^  in  Fig.  445, 

and  the  resultant  electromotive-force  will  be  O  E3.  The  phase 
of  the  current  will  depend  upon  the  self-induction  of  the  circuit. 
If  there  were  no  self-induction  in  the  circuit  the  current  would 


be  in  phase  with  O  E,  and  its  magnitude  would  be 


OE, 
R 


Now  we  have  seen  (p.  671)  that  when  a  current  from  an 
alternator  differs  in  phase  from  the  E.M.F.  by  less  than  90* 
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the  alternator  is  acting  as  generator  and  requires  a  force  to 
drive  it.  If,  on  the  other  hand,  the  difference  in  phase  between 
the  current  and  E.M.F.  is  more  than  90^  (viz.  between  90^  and 
270^)  the  machine  acts  as  a  motor  and  yields  a  torque.    In 

Fig.  445  the  difference  in  phase  between  O  Es  and  the  electro- 
motive-forces of  both  Ai  and  A,  is  less  than  90^,<so  that  both 
machines  will  act  as  generators,  and  A,  having  no  torque  to 
drive  it  will  stop.  If,  however,  there  be  considerable  self- 
induction  in  the  circuit  so  that  the  current  lags  behind  the 


IQ  446. 


Fig.  447. 


Fia.  448. 


resultant  0  E3  as  shown  in  Fig.  446,  where  the  line  R  C 
represent'  the  phase  of  the  current,  then  as  the  angle  between 

it  and  O  E^  is  greater  than  a  right  angle,  the  machine  A,  will 

act  as  a  motor.     If  we  let  fall  the  perpendicular  C  D  upon  the 

direction  of  Ej  O  we  obtain  line  O  D,  which  divided  by  the 
resistance  represents  the  component  of  the  current  which  is  in 

direct  opposition  of  phase  to  O  E,,  that  is,  the  part  of  the 
current  which  is  operative  in  driving  A^  as  a  motor.  The 
power  developed  by  A  2   is  proportional  to    the    product 
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O  D  •  O  Ef  As  the  lines  in  the  figare  represent  the 
maximum  values  of  the  E.M.F.  and  current,  the  power  is 

equal  to ^^^ (see  p.  667).  The  magnet  of  A,  would 

be  displaced  behind  the  magnet  of  Ai  just  so  much  as  to  cause 
0  D  to  be  sufficiently  great  to  exert  the  required  torque. 

So  far  we  have  considered  the  E.M.F/ of  the  machines 
as  equal.  If  we  excite  the  magnet  A|  until  it  is  stronger  than 
A,,  so  that  E|  is  greater  than  £^  then  we  maj  represent  the 
state  of  affairs  in  Figs.  417  and  448.  Fig.  447  shows  what 
would  happen  if  the  self-induction  were  small  as  compared 
with  the  resistance.^  The  resultant  E3,  and  therefore  the 
current,  is  more  than  90^  out  of  phase  with  E,,  a  great  torque 
results  which  makes  the  magnet  of  At  go  faster  than  Ai  until 

it  gets  just  so  far  in  advance  of  it  that  O  D  is  diminished  to 
an  amount  which  will  give  the  required  torque  and  no  more. 
Thus  we  see  that  the  effect  of  having  the  motor  under- 
excited  is  to  make  its  magnet  lead  in  phase,  while  the  effect 
of  self-induction  is  to  make  it  lag.  If  there  is  considerable 
self-induction  in  the  circuit  (as  is  usually  the  case,  particularly 
with  alternators  with  iron  in  the  armatures),  the  phase 
relations  of  the  various  E.M.F.'s  are  those  shown  in  Fig.  448. 
This  may  be  taken  as  representing  the  most  usual  case  of 
transmission  of  power  by  means  of  a  synchronous  motor; 
the  effect  of  the  self-induction  in  the  circuit  is  to  enable  the 
motor  to  yield  considerable  torque  whether  its  magnet  is 
under  or  over-excited.  Let  us  consider  more  exactly  what 
happens  when  the  excitation  of  field-magnet  of  the  motor 
is  varied,  the  load  on  the  motor  remaining  constant.     We 

see  from  Fig.  448  that  O  E,  =  EiE„  so  that  we  may  take 

E|  E,  to  represent  the  E.M.F.  of  the  motor,  that  is  to 
say,  the  counter  E.M.F.  or  ^^  back  "  E.M.F.,  as  it  is  usually 
called.    We  may  then  draw  the ,  half-figure  on  a  larger  scale 

(see  Fig  449),  and  consider  what  happens  when  E|  E,  is 

varied  in  magnitude,  while  the  impressed  volts  O  E^,  the 

1  See  Bedell  and  Ryan,  "Action  of  a  Single-phase  SynofaronotuiMotory'* 
AfMT.  Ingt.  EUetr.  Eng.,  liarch  1805,  p.  197. 
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resistance  R,  the  self-induction  L,  and  the  power  of  the 
motor  P,  all  remain  constant.  R  and  L  being  known,  ^,  the 
angle  of  lag  of  the  current  behind  the   resultant  E.M.F. 

O  E3  is  ascertained  (for  tan  ^  =^^  J  and  remains  constant. 

Produce  O  C  to  P,  and  upon  O  Ei,  as  diameter,  describe  the 

circle  Ei  F  O  having  the  centre  G.     Join  F  Ei  then  Ei  F  O 

being  a  right  angle,  O  F 
is  the  projection  of  the 

impressed     volts    O  E, 
upon   the   direction   of 

the  current  O  C,  so  that 

Q  p 

— ^  gives  the  value  of 

the  virtual  volts  which 

are  in   phase  with    the 

•■;>  cuiTent,   whose   virtual 


value   is 


CO 


The 


^2R 

power  yielded   by   the 
generator  Ai  is  therefore 


O  F  .  C  O 
2R      • 


Similarly 


Fia.  449.- 


IS 


FC  .C  O 
2R 


F  C  being  the  projection 
of  El  Eft  the  power 
yielded  by  the  motor  A, 

,  and  this   we  ai^e    taking  as  constant.      Now 


when  the  line   E^  Eg  altera   in   length  the  figure  becomes 

changed  in  shape,  but  always  in  such  a  manner   that  the 

angle  Ei  F  O  remains  a  right  angle,  so  that  F  moves  on  the 

circle  Ei  F  O.     At  the  same  time  the  point  C  must  move^  on 

a  circle  C  J  H  concentric  with  circle  Ei  F  O,  in  order  that 

P  C  .  C  O  (or  J  O  .  C  O)  may  remain  constant.     Now,  if  C 

moves  on  the  circle  C  J  H  the  point  Eg  must  also  move  on  a 

*  R.  V.  Picou,  **  Transmission  de  Force  par  Moteurs  altematifs  synch- 
rones,"  Bull,  Soc.  Int,  Electriciens,  Feb.  1895. 
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cii*cle,  because  ^  remains  constant  and  O  C  and  O  £3  bear  to 
each  other  a  constant  ratio.     The  centre  of  the  circle  M  E3  N 

which  forms  the  locus  of  Eg,  will  be  found  by  drawing  O  K^ 

making  the  angle  ^  with  E^  O  and  drawing  G  K  at  right 

angles  to  E^  O.  We  are  now  able  to  find  the  value  of  any 
of  the  quantities  represented  in  the  figure  for  any  given 

value  of  E^  E3,  the  back  E.M.F.  of  the  motor.     It  may  be 

pointed  out  that  though  O  E^  has  been  taken  to  represent 
the  electromotive-force  induced  in  the  conductor  of  the 
genei*ator,  all  the  above  clock  diagrams  are  equally  appli- 
cable to  the  case  where  O  E^  represents  the  electromotive- 
force  of  the  line  at  the  terminals  of  the  motor ;  but  tlien 
R  and  L  represent  the  resistance  and  self-induction  of  the 
motor  only.     We  see  that  in  the  figure  as  drawn  the  current 

lags  behind  the  impressed  volts  E^  O  by  the  angle  /?.     If  we 

decrease  E^  E3  we  see  that  ?  will  inci*ease  and  R  C  will 
also  increase.  That  is  to  say,  if  we  decrease  the  excitation 
of  the  motor,  the  lag  of  the  current  behind  the  impressed 
volts  increases  and  the  current  increases.  If,  on  the  other 
hand,  we  increase  the  excitation,  we  see  from  the  figure  that 
as  E3  moves  up  to  M  the  angle  ?  decreases  to  zero,  the  cur- 
rent being  then  at  a  minimum.^  A  further  increase  of  th^ 
back  E.M.F.  of  the  motor  will  cause  the  current  to  increase, 
but  instead  of  lagging  behind  the  impressed  volts  it  leads, 
the  motor  in  fact  acting  as  though  it  were  a  condenser  placed 
in  the  circuit.  If  we  plot  a  curve  with  the  values  of  the  back 
E.M.F.  of  the  motor  (or  the  exciting  current  when  that 
is  proportional),  as  abscissce  and  the  armature  current  as 
ordinates,  we  get  a  V-shaped  curve  showing  the  decrease  of 
the  armature  cun*ent  to  a  certain  minimum,  and  its  increase 
again  as  the  back  E.M.F.  is  augmented. 

Mr.  Mordey^  obtained  from  a  50  kilowatt  alternator 
running  as  an  unloaded  motor,  the  cui*ve  shown  in  Fig.  450. 
The   values   of   tlie  current  in   the  motor  field-magnet  are 

1  Blondel,  *^Couplages  et  Synchronisation  des  Alternateurs/*  LaXumtere- 
£lectriquej  1892,  xlv.  423-563. 
•  "OnTestingand  Worlcingof  Alternators,"  Inat,  Elec.  Enga.,  Feb.  1893,. 
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taken  as  abscissaB,   and  the  current  in   the  armatures  as 
ordinates. 

Messrs.  Bedell  and  Ryan  ^  have  given  a  similar  curve  for 
a  small  Westinghouse  alternator,  together  with  full,  par- 
ticulars as  to  the  E.M.F.'s  of  generator  and  motor  and  angles 
of  lag,  and  have  worked  out  clock  diagrams  for  diffei*ent 
points  on  the  curve,  showing  that  the  theory  agrees  with 
what  is  found  to  occur  in  practice. 

This  property  of  an  over-excited  synchronous  motor  of 
causing  the  current  to  be  in  advance  of  the  impressed  E.M.F. 
would  enable  such  machines  to  be  used  to  counteract  the 

tendency  of  the  current  to 
lag  when  transformers  are 
in  circuit,  and  thus  to  in- 
crease  the  power-factor  of 
the  line. 

One  of  the  bad  effects 
produced  by  a  current  lag- 
ging behind  the  E.M.F.  of 
the  generator,  is  the  de- 
magnetizing action  of  such 
a  current  upon  the  field- 
magnet  (see  p.  596).  It 
will  be  seen  from  Fig.  442 
that  so  long  as  the  current 
is  in  phase  with  the  volts  it  has  no  demagnetizing  effect,  for 
when  the  current  is  at  its  maximum  the  magnet  pole  is 
directly  in  front  of  the  conductor,  as  in  A  ^  in  Fig.  442.  An 
instant  before  the  pole  comes  to  this  position,  the  armature 
current  is  helping  the  magnetizing  current,  and  an  instant 
afterwards  it  is  opposing  it,  so  upon  the  whole  the  mean 
strength  of  the  magnet  is  not  affected,  though  the  maximum 
E.M.F.  in  the  armature  probably  occurs  a  little  sooner  than 
it  otherwise  would  do.  If,  however,  the  current  lags,  the 
maximum  current  flows  just  after  the  pole  has  passed  the 
middle  position,   thus   producing  a  strong    demagnetizing 

^  **  Action  of  a  single-phase  Synchronous  Motor,*  JawmoX  qfihe  Fnsnkliti 
Institute^  March,  1805. 


I    AihPEPJES  m  yiklO-IWACNET 

a     10 
Tic,  450 


The  Coupling  of  Alternators. 


65s 


action  and  a  consequent  fall  in  the  volts  unless  the  excita- 
tion of  the  field-magnets  is  augmented.  If,  however,  the 
current  leads,  the  maximum  occurs  when  the  pole  is  ap- 
proaching the  conductor,  increasing  the  magnetization,  and 
thus  the  volts  are  raised.  A  generator  and  motor  being 
in  opposition  of  phase,  a  current  that  lags  with  regard  to 
the  one  leads  with  regard  to  the  other ;  thus  on  switching 
in  an  under^xcited  synchronous  motor  to  a  generator  whose 
cuiTent  lags,  there  is  a  tendency  for  the  generator  volts  to 
fall  and  the  motor  volts  to  rise.  On  gradually  increasing  the 
excitation  of  the  motor  the  generator  volts  will  rise,  owing  to 
the  advance  of  the  phase  of  the  current.  This  is  very  clearly 
shown  in  the  paper  of  Messrs.  Bedell  and  Ryan  before 
referred  to  (p.  664). 

R.  V.  Picou  has  pointed  out   that  in  applying  the  con« 
struction  g^ven  in  Fig.  449  to  the  working  out  of  a  practical 

case,  the  lines  O  £1  and  E^  £3  representing  several  thousand 

volts  are  so  great,  relatively  to  O  £3,  that  the  arcs  of  the 
circles    E^  F  O  and  C  H  J  may  be  considered  as  straight 

lines,  and  O  E^  and  E^  £3  as  parallel.  The  construction  is 
then  simplified,  and  there  is  no  difficulty  in  working  to  scale. 
An  example  is  worked  out  in  M.  Picon's  paper  referred  to 
above  (p.  652). 

There  are  several  interesting 
deductions  to  be  made  from  the 
graphic  construction  given  above. 
Obviously  the  most  economic  con- 
dition for  ordinary  power  trans- 
mission is  to  have  the  excitation  of 
the  motor  such  that  the  current  is 
in  phase  with  the  impressed  volts. 
Referring  to  Fig.  449,  let  us  fix  S] 
the   condition  that  R  C  shall  be 


Fig  451. 


in  line  with  O  E^  and  draw  our 

diagram  as  in  Fig.  451,  setting  off  the  line  O  Z,  making  the 

angle  ^  with  Ej  O.      For  any  given  load  on  the  motor  there  is 
one  particular  value  of  current  which  will  satisfy  the  prescribed 
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oondition,  and  the  line  C  O  which  represents  R  C  will  have  to 

E~C    C  O 

be  set  off  at  such  a   length,  that ^^1- is  equal  to  the 

2  B 


given  power  (see  p.  652).     Then  drawing  C  E3  at  right  angles 

to  cut  O  Z,  £^  £3  will  represent  the  back  E.M.F.  of  the 
motor  in  magnitude  and  phase.     Now  if  we  vary  the  power  C 

will  move  along  O  E^  and  E3  will  move  along  O  Z,  the  power 
yielded  by  the  motor  being  always  equal  to  the  area  of  the 
rectangle  C  Q  divided  by  2  R,  and  that  supplied  by  the 
generator  equal  to  the  area  of  the  rectangle  O  Q  divided  by 

2  R.  When  the  power  is  zero  E^Ej  =  E^O,  the  current  being^ 
zero.  The  maximum  power  occurs  when  C  Q  is  a  square. 
From  the  figure  we  see  that  then 

max.  power  =  j-p, 

R  C  being  equal  to  }  E^  and  the  efficiency  being  50  per 
cent.  Thus  we  see  Jacobi's  law  of  the  continuous-current 
motor,  and  the  construction  given  on  p.  496,  are  equally 
applicable  to  the  alternate-current  synchronous  motor.    The 

back.  E.M.F.  of  the 
motor  for  any  pre- 
scribed power  can 
be  found  readily 
from  the  figure  (see 
p.  655,  line  20). 

We  can  also  get 
a  very  simple  figure 
by  which  to  study 
the  changes  in  the 
back  E.M.F.  and 
current  when  the 
power  is  zero.  The 
clock  diagram  for 
this  case  is  given  in 
Fig.  452,  where  R  C  is  at  right  angles  to  E^  E3,  because  if  the 
power  is  zero  the  current  must  be  at  right  angles  in  phase  to 
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the  back  E.M.F.  of  the  motor.  As  we  change  the  value  of 
El  Es,  the  locus  of  the  point  C  must  therefore  be  the  circle 
O  C  El ;  and  from  the  reasoning  on  p.  652,  the  locus  of  E9 
must  also  be  a  circle  whose  centre  is  at  K. 

If  we  plot  a  cui*ve  taking  on  a  convenient  scale  the  back 
£.M.F.  as  abscissse  and  the  armature  current  as  ordinates  we 
find  it  is  in  the  form  shown 
by  the  thick  line  in  Fig.  453. 
Beginning  with  E,  coin- 
ciding with  O  we  get  the 
comer  point  C^  in  Fig.  458. 
As  we  increase  the  back 
E.M.F.  passing  counter- 
clockwise round  the  circle 
O  Es  El  in  Fig.  452,  the 
current  increases  until  we 
reach  the  point  E's  wlien  it 
attains  its  maximum.  R  C 
is  then  equal  to  Ei,  therefore 


the  current  C  = 


If  the 


Fio.468. 


motor  were  standing  at  rest  the  current  through  the  armature 

E 
would  only  be  . \ ,  but  if  the  motor  is  running  light  the 

impedance 

back  E.M.F.  might  be  so  adjusted  in  magnitude  and  phase 

as  to  completely  balance  the  self-induction  of  the  armature, 

E 
so  that  a  cuirent  would  flow  through  it  equal  to  ~^    In 

practice  the  upper  portions  of  the  curve  in  Fig.  453  would  be 
difficult  to  realize  unless  the  motor  were  constrained  to  keep 
in  the  proper  phase  relations,  but  theoretically  we  can  follow 
Es  round  its  circle  until  it  coincides  with  Ei. 

This  curve  Co  E's  Ei  in  Fig.  458,  really  forms  part  of  an 
ellipse  shown  in  dotted  line,  the  equation  to  which  is  given 
below.  If  we  follow  Es  further  round  its  circle  in  Fig.  452 
we  find  it  passes  through  the  point  Ei ;  a  question  then 
arises  as  to  whether  we  will  give  the  positive  or  negative 
sign  to  the   back  E.M.F.  in  plotting  the  curve  in  Fig.  453. 


i 
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The    back    E.M,F.    haying    passed  through  zero    would 

theoretically  be  negative,  which  would  take  us  along  the 

dotted  ellipse,  but  if  we  still  choose  to  call  our  back  E.M.F. 

positive  then  our  curve  is  the  thick  line  Ei  Co-    This  forms 

part  of  another  ellipse  similar  to  the  first,  that  lies  with  its 

major  axis  sloping  the  other  way  as  shown  in  the  figure.    If 

instead  of  plotting  the  back  E.M.F.  and  cuiTent  from  Fig.  452, 

where  the  power  is  zero,  we  plot  them  from  a  clock  diagram 

like  that  in  Fig.  449,  where  the  power  has  a  fixed  value,  we 

would  get  curves  like  those  shown  by  the  fine  lines  in  Fig.  45S, 

the  area  enclosed  by  the  curve  becoming  smaller  and  smaller 

as  the  power  is  increased,  until  at  maximum  power  there  is 

E 
only  one  point  representing  current  ==  ^^  and  back  E.M.F. 

i  F    |/  "p 2  I   jSi.  ja 

j  ss  — i p      —  •    '*  ^  ^^®  lower  comers  of  these  curves 

that  form  the  V-shaped  curves  referred  toon  p.  654.  The 
equation  to  these  curves  is  very  simply  deduced;  for  re- 
membering that,  in  Fig.  448,  the  lines  O  E^,  E^  Eg,  O  E3 
represent  respectively  the   electromotive-forces  E^,  E^  and 

I C,  where  I,  the  impedance,  =  i^  R^-l- j?*!^  we  have 

El*  t=  Ea*-hPC«+  2  El .  IC  .  cos  V^  (1) 

and  cos  ^  =  cos(^  —  'y)  =  cos  ^  cos  7  -f-  sin  f  sin  7.  Further 
we  know 

R 


cos  f  8BS    _  sin  f  Bs  £_ ; 


•^'"i^'     "»'»-vA-(|?c)' 


where  P  sa  power  of  motor. 
Substituting  these  values  in  (1)  we  get 

Ei«_E,«— PC*— 2RP=,|>LVC«k,«— P*, 
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which  is  the  fundamental  equation  of  the  synchronous  motor*^ 
Taking  E2  and  C  as  the  only  variables  we  obtain  a  curve 
like  those  in  Fig.  458  for  each  value  of  P« 


Pakallkl  Rttkning  of  Altebkatobs. 

It  is  found  very  convenient  in  central  lighting  stations  to 

be  able  to  run  altematoiB  in  parallel,  so  that  the  machines  may 

^ed  into  one  set  of  omnibus  bars,  and  their  number  be  altered 

^t  will  to  suit  the  load  on  the  station,  instead  of  assigning 

different  parts  of  the  town  circuits  to  separate  machines* 

The  principles  which  govern  parallel  running  have  been 
considered  in  Fig.  446.  0£|  may  be  taken  to  represent  the 
volts  between  the  omnibus  bars.  The  machine  to  be  thrown  in 
in  parallel  is  run  up  to  speed  and  its  excitation  is  adjusted 
until  its  volts  O  £3  are  equal  to  O  E^.  It  has,  before  being 
switched  in,  to  be  synchronized^  that  is  to  say,  it  must  not  only 
be  run  at  the  same  speed  but  the  impulses  of  its  electromotive* 
force  must  be  got  into  step  with  those  of  the  onmibus  bars* 
To  do  this  a  synchronizer  is  employed.  Fig.  454  illustrates 
the  principle  of  one  form  of  synchronizer.  An  incandescent 
lamp  is  fed  from  two  transformers  in  series  with  one  another : 
the  primary  of  one  transformer  is  connected  with  the  omnibus 
bars,  and  that  of  the  other  to  the  alternator  to  be  synchronized. 
The  connections  are  so  made  that  when  the  machines  are  in 
synchronism  the  secondaries  of  the  transformers  assist  each 
other  in  lighting  the  lamp.  When  not  in  synchronism  they 
are  in  opposition.  If  the  alternator  to  be  thrown  in  is  not  going 
at  the  right  speed  it  gets  into  and  out  of  step  alternately  and 
the  lamp  blinks  rapidly.  The  supply  of  steam  is  then  altered 
to  correct  the  speed,  and  the  lamp  is  seen  to  blink  more  and 
more  slowly  until  it  takes  several  seconds  between  the  instant 
of  perfect  darkness  and  the  instant  of  full  incandescence. 

'  Steinmetz,  "  Theory  of  the  Synchronous  Motor,''  Amer.  InaL  Elee, 
Engs.,  Oct.  1894;  Rhodes,  "A  Theory  of  the  Synchronous  Motor,"  Proc. 
Physical  Soc,  April  26,  1805,  Phil.  Mag,,  July  1805.  Also  ''Altemata 
Cnnent  Motors,"  Elee.  Review^  1805,  zzxvU.  182,  222. 
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Just  at  the  moment  of  full  incandescence,  and  when  the  volt- 
meter (see  Fig.  454)  indicates  the  full  pressure,  the  switches 
are  closed  and  the  lamp  forthwith  shines  without  fluctuation, 
showing  that  the  volts  of  machine  are  in  step  with  the  volts 
of  omnibus  bars.  If  the  supply  of  steam  is  now  increased  the 
alternator  will  take  up  a  portion  of  the  load.  The  amount 
of  current  it  will  supply  depends  entirely  on  the  amount  of 
steam  admitted  to  drive  it.  If  the  steam  were  cut  ofiF 
it  would  run  as  a  motor  and  drive  the  engine.  Fig.  446  does 
not  show  the  main  current  supplied  to  the  outside  circuit, 
it  only  shows  the  resultant  electromotive  force  O  £3  round  the 


\  to%ujibars^- 


^Aa 


Fia.454. 


alternator  circuit  (see  Fig.  441)  which  comes  into  existence  in 
case  A2  should  lag  a  little.  This  resultant  electromotive- 
force  produces  a  current  which  by  reason  of  the  self-induction 
of  the  circuit  is  out  of  phase  by  more  than  90^  with  the  lagging 
machine,  and  which  therefore  supplies  power  to  it  and  hurries 
it  up.  It  will  be  seen  from  the  figure  that  the  current  repre- 
sented by  O  D  is  greatest  (for  a  given  lag  of  the  machine) 
when  the  angle  f  is  45  degrees ;  that  is  to  say,  when  in  the 
alternator  circuit  R  is  equal  top  L.  In  well-designed  machines 
R  and  L  are  both  kept  as  small  as  possible.  It  is  sufficient 
if  R  is  something  of  the  order  of  j!?  L. 

Synchronous  Polyphase  Motors, — A  polyphase  system  of 
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distribntion,  while  giving  great  facility  in  the  use  of  self- 
fitai'ting  motors,  does  not  sacrifice  the  possibility  of  installing 
synchronous  motors  in  cases  where  perfect  uniformity  of  speed 
is  desired.  A  synchronous  motor  for  a  polyphase  system 
may  consist  of  an  ordinaiy  alternator  placed  across  two  of 
the  mains ;  but  preferably  it  is  identical  in  construction  to 
the  polyphase  generators,  and  connected  to  all  the  lines.  It 
differs  from  an  asynchronous  motor  mainly  in  the  fact  that 
instead  of  a  rotor  (Fig.  460)  it  has  a  field-magnet  separately 
excited  by  means  of  a  continuous  current;  and  as  the  poles 
always  keep  the  same  position  relatively  to  the  iron  of  the  mag- 
net when  once  they  are  run  up  to  the  speed  of  the  revolving 
poles  of  the  armature,  the  respective  poles  take  hold  of  each 
other  and  the  magnet  is  dragged  round  in  perfect  synchronism. 
The  ordinary  single-phase  synchronous  motor,  as  we  have 
seen,  must  be  run  up  to  speed  by  some  independent  source  of 
power;  but  in  a  polyphase  system  the  rotatory  field  acting 
apon  conductors  sunk  in  the  pole  pieces  of  field-magnets  is 
sufficient  to  start  the  motor.  It  is  thus  possible  to  so  far 
combine  the  principle  of  a  polyphase  asynchronous  motor 
with  a  truly  synchronous  motor,  that  it  shall  be  capable  of 
starting  itself,  and  after  running  up  to  speed,  will  keep  its 
speed  at  all  loads  as  constant  as  the  periodicity  of  the  supply. 
It  is  to  be  noted  that  while  a  polyphase  generator  will  always 
act  as  a  synchronous  motor,  it  is  not  necessarily  self-starting. 
Its  design  should  facilitate  the  generation  of  currents  in  the 
polar  projections  if  it  is  intended  to  be  self-starting.  A  very 
good  instance  of  an  installation  of  synchronous  motors  of  this 
kind  is  at  the  Ponemah  Cotton  Mills,  Taftville,  Conn.,  U.S.A.* 
Six  hundred  horse-power  is  transmitted,  at  a  pressure  of  2500 
volts,  from  a  mill  three  miles  distant,  where  water  power  is 
available.  The  system  is  a  three-phase  one.  The  motors  are 
the  same  in  construction  as  the  generators,  and  while  being 
able  to  start  themselves,  run  under  load  with  perfect  syn« 
chronism.  The  efficiency  of  the  complete  ti*ansmission  from 
the  power  applied  to  the  dynamo  pulley  to  that  delivered  to 
the  motor  pulley  is  reported  to  be  80  per  cent. 

1  Eltc.  Review^  (N.Y.),  1894,  zxlv.  210  ;  and  see  ibid.,  1805,  xxvii.  82L 
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CHAPTER  XXV, 

ASYNCHKONOUS  MOTOK8. 

Motors  in  which  the  rotation  is  produced  by  the  induotion 
of  currents  as  the  field  shifts  around,  present  the  structural 
advantage  that  they  can  be  made  without  commutator,  and 
even  without  sliding  contacts  of  any  kind.  The  induction  of 
these  currents  in  an  entirely  detached  structure  depends  upon 
the  circumstance  that  the  running  is  asynchronous :  that  is  to 
say,  that  the  revolutions  made  by  the  moving  part  do  not 
correspond  to  the  periodicity  of  the  impressed  currents. 

Asynchronous  motors  may  be  grouped  under  two  heads: 
(i.)  polyphase  ;  (ii.)  monophase.  In  the  former  two  or  more 
alternate  currents  of  equal  period,  but  differing  in  phase,  are 
employed  to  produce,  as  explained  below,  a  rotatory  magnetic 
field;  this  rotatoiy  field  tending  to  set  up  induced  currents  in 
all  conducting  masses  placed  within  them,  and  by  the  reaction 
of  these  currents  to  rotate  these  masses  mechanically.  In  the 
monophase  class  a  simple  oscillatory  field  is  impressed  by  an 
alternate  current,  and  this  acting  on  a  revolving  system  of 
conductors  is,  by  the  action  of  the  induced  currents,  converted 
into  a  rotatory  field  with  effective  diiving  power. 

As  the  subject  has  lately  been  treated  in  extenso  in  the 
author's  work  on  *  Polyphase  Electric  Currents  and  Alternate- 
Current  Motors,'  the  present  chapter  may  be  brief. 

Production  of  a  rotatory  Magnetic  Field, — If  an  alternate 
current  is  led  around  a  coil  it  produces  along  the  axis  of  the 
coil  an  alternating  or  oscillating  magnetic  field.  If  there  is 
an  iron  core  the  magnetic  flux  in  it  will  be  an  alternating  flux ; 
that  is  to  say,  one  that  begins,  increases  to  a  maximum  along 
a  fixed  direction,  dies  away,  reverses  along  the  direction  and 
Increases  to  a  negative  maximum,  and  dies  away  to  begin  the 
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cycle  over  again.  The  frequency  of  this  alternating  flux  will 
be  the  same  as  that  of  the  current.  We  have  to  show  that  by 
combining  two  or  more  alternating  magnetic  fields  that  are 
in  different  directions  and  in  different  phases  we  can  produce 
the  same  effect  as  a  magnetic  field  of  constant  intensity 
rotating  in  direction. 

It  is  well  known  that  a  uniform  circular  motion  can  be 
decomposed  into  two  rectilinear  harmonic  motions  at  right 
angles  to  one  another,  the  two  having  equal  amplitude,  equal 
period  and  a  phase  difference  of  one-quarter  period.  Let  P 
be  a  point  uniformly  revolving  around  centre  O  (Fig.  455)  ; 
let  the  angle  X  OP  =6.  The  projections  of  the  radius  O  P 
upon  the  two  axes  are  O  M  and  O  N.  If  the  radius  O  P 
be  called  r  we  have  ON  =  r  sin6^,and  O  M  =  rcos(^  =  rsin 
(0+  90°).  While  P  revolves  the  point  N  will  oscillate  up  and 
down  the  line  Y  Y' ;  the  amplitude  of  its  motion  being  equal 
to  the  radius  of  the  circle.  Also  the  point  M  will  cscilhite 
along  the  line  X  X'  with  equal  amplitude  and  in  equal  time  ; 
but  O  N  will  be  at  its  maximum  when  O  M  has  ze.ro  value, 
and  vice  ver%d.  It  follows  kinematically  that  a  uniform 
circular  motion  may  be  produced  out  of  two  straiglit-line 
motions,  by  combining  them  at  right  angles,  provided  they  are 
haimonic,  of  equal  period,  of  equal  amplitude  and  differing 
by  an  exact  quarter  period. 

Meclianically  this  motion  is  equivalent  to  that  of  two 
pistons  having  equal  travel,  working  by  two  connecting  rods 
upon  the  same  crank  pin,  but  placed  at  right  angles  to  one 
another  (Fig.  456).  If  the  cylindei's  are  made  to  producetwo 
rectilinear  motions  one  ahead  of  the  other  by  a  quarter  peri o'i 
in  time,  the  apparatus  will  combine  these  motions  into  a  true 
circular  motion.  If  the  two  cylindei-s  are  set  pamllel  side  by 
side  two  cranks  will  be  needed,  one  at  right  angles  to  the 
other. 

A  similar  combination  can  be  ^  magnetically  effected.  If 
an  alternating  current  is  led  round  a  coil  so  as  to  produce  an 
alternating  or  oscillating  magnetic  field  along  the  line  O  X, 
and  a  second  alternating  current  is  led  round  a  second  coil  so 

1  See  Marcel  Doprez,  Comptea  Rendua.  ii.  1103,  1883. 
H— Vol.  4 
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as  to  produce  a  second  alternating  magnetic  field  along  tlie 
line  O  Y,  then  the  result  will  be  a  rotatory  magnetic  field, 
provided  these  two  magnetic  fields  are  of  equal  2>eriod  and 
amplitude,  and  differ  exactly  a  quarter  in  phase.  If  they  are 
of  equal  period,  but  notof  exactly  equal  amplitude,  the  result 
will  be  equivalent  to  an  elUptically'Vot^itxng  magnetic  field  ; 
that  is  to  sa}^  one  in  which  the  strength  and  direction  of  the 
field  is  represented  by  the  successive  values  of  the  radius 
vector  drawn  to  an  ellipse  from  its  central  point.  An  ellipti- 
cally  rotatory  field  will  also  be  produced  if  the  two  component 
magnetic  fields,  though  equal  in  period  and  amplitude,  do  not 
differ  by  exactly  a  quarter  period.     For  a  perfect  lotatory 
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Flo.  455.~D£PREZ^s  Thbobeh.  Fig.  456<— Two-CYLiirDER  Engine. 

field,  corresponding  to  uniform  circular  motion,  tlietwo  com* 
ponents  must  vary  precisely  as  the  sine  and  the  cosine  ^  of  an 
angle  respectively.  The  two-phase  system  of  cuiTeuts  for 
producing  arotatoiy  magnetic  field  is  the  electrical  analogue 
of  the  two-crank  mechanism. 

This  is  not  by  any  means  the  only  combination  that  will 
produce  a  rotatory  magnetic  field.  The  mechanical  analogues 
of  the  three-crank  engine,  and  of  the  three-throw  pump,  at 
once  suggest  other  solutions.  In  the  former  instance  three 
eylinders  are  used,  with  thi^e  pistons  which  operate  in  succes- 
sive phases  differing  by  one-third  of  a  period  from  one  another. 

1  See  alBo  Ferraris,  **  Kotazioni  elettrodynamiche,'*  TViHn.  Aettd.^  March. 
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If  tlife  tlu'ee  cyliflcki's  lure  set  {as  in  a  Brotherhood's  en^gane)  «t 
120°  to  each  other  (Fig.  457)  their  connecting-ixMls  may  actnato 
a  single  canaak.  If  the  thi^ee  cylinders  are  set  parallel  side  by 
wde,  then  tl^ei^e  must  be  thi-ee  cranks  spaced  out  in  ai^;ular 
positions  120°  from  one  another.  If  the  angular  positions  of 
tiie  cranks  were  not  exactly  120°  apart,  the  phase-differeooes 
of  the  motions  will  not  be  exactly  one-third  of  the  period. 
The  time-phase  of  motion  must  be  complementary  to  the 
spaoe-phase  of  angle  in  the  combining  mechanism,  otherwise 
tbe  resulting  motion  will  not  be  a  nfdfovm  rotation.  The 
famous  thi'ee-phase  system  of  currents  (or  Drtkaftr^riC)  for 
piodu^ing  a  rotatory  magnetic 
field,  IS  the  electrical  analogue 
of  the  three-crank  mechanism. 
We  have  then  two  main 
cases  before  us — the  2-phase 
method  (sometimes  called  tlie 
*'  quadrature  *'  method,  or,  less 
cori'ectly,  the  *'quarter-phiise  " 
method)  and  the  8-phase 
metliod  (called  by  Dobrowol- 
sky  **  Drel^strom  '').  The  fii-st 
2-phase  induction  motor  was 
described  by  Baily  in  1879, 

who  used  commuted  batterj'-currents.  The  idea  of  producing 
rotation  by  eombinijig  two  or  more  alternate  currents  of 
different  j^hase,  seems  to  hav<e  oocui-red  fiom  the  y^ars  18S5 
to  1888  indie pendently  to  several  pei-sons.  Prof.  G.  Fenraris, 
Mj*.  C.  S.  Bi-adley,  AL*.  Nikola  Te8la,Mr.  Borel,  and  Mr.  yoq 
Dolivo  Dobi'owolsky.  Feiraris  found  that  in  soch a i^otating 
field  not  only  will  ])i voted  magnets  rotate,  but  masses  of  isroQ, 
both  solid  and  laminated,  ako  disks  aud  cylinders  of  copper, 
the  drag  on  these  being  due  to  tbe  eddy-cunents generated  in 
them  precisely  as  in  tbe  classical  experiments  of  Arago,  in 
which  <5opper  disks  wei^  set  in  rotation  in  tlie  presence  of  a 
rotating  magnet.  Fig.  458  illustrates  a  simple  form  of  Feriaris'fl 
motor  having  a  oopj)er  cylinder  pivoted  within  two«cts  of 
aails  A  A  and  B  B  which  lie  at  right  angles  to  oiie  another. 


Fig.  4,">7. 
Three-ci-lixi^t:!*  Ets-oine. 
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FerrarU  discussed  the  elementary  theory  of  the  apparatus, 
pointing  out  that  the  inductive  action  would  be  proportional 
to  the  iUp,  that  is  to  say,  to  the  difference  between  the  angular 
velocity  of  the  magnetic  field  and  that  o£  the  rotating  cylinder, 
that  the  induced  current  in  the  rotating  metal  would  also  be 
proportional  to  this ;  and  that  the  power  of  the  motor  is  pro- 
portional jointly  to  the  slip  and  to  the  velocity  of  the  rotating 
part. 

Consider  a  laminated  iron  ring,  Fig.  459,  wound  with  two 
pairs  of  coils  A  A'  and  B  B',  which  are  inserted  in  the  circuits 
of  a  2-phase  generator.  At  the  moment  when  tlie  current  in 
A  A'  is  a  maximum,  that  in  B  B'  will  be  zero,  the  cuneuta 


Fig.  458.— Simple 
Rot  ATO  K  Y- Fi  EI.  n 
Motor.  jPia,  459. 

being  in  quadrature.  The  magnetizing  effect  of  A  A'  will 
tend  to  produce  a  magnetic  field  diagonally  across  the  ring  in 
the  direction.B  B'.  As  the  current  in  A  A' dies  down,  that  in 
B  B'  begins  and  inci-efuies,  itnd  therefore  shifts  the  pole 
forward.  When  the  currents  in  A  A'  and  B  B'  liave  become 
equal,  A  and  B  will  act  together  as  one  coil,  while  A'  and  B 
will  act  together  aa  another  coil,  tlieresultingpolea  lying  now 
between  B  and  A'  on  the  riglit  and  between  B'  and  A  on  the 
left.  When  the  E  current  is  at  its  maximum  the  poles  will  lie 
right  under  the  middle  of  the  A  coils.  Since  there  ia  an 
actual  production  here  of  a  travelling  polarity  in  the  ring,  it 
follows  that  any  mere  mass  of  iron,  a  cylinder  for  example, 
jjlaced  in  the  rotating  field  will  be  set  into  rotation,  though 


te  xvB 


Asynchronous  Motors.  667 

not  synchronously ;  and  a  cylinder  of  copper  would  be  dn^ed 
round  by  the  eddy-currents  induced  in  it.  If  the  cylindei 
were  to  revolve  at  tlie  same  rate  as  the  rotating  magnetic  field, 
there  would  be  no  eddy-currents  and  no  driving  force :  the 
rotating  part  therefore  tends  to  run  up  toward  synchronism 
but  never  attains  it ;  for  without  %lip  (i.  e.  difference  of  speedy 
there  would  be  no  induced  currents.  But  if  such  eddy-currents 
were  permitted  to  circulate  at  random  in  the  mass  of  copper 
there  would  be  much  waste  of  power  in  heating,  since  the 
only  useful  currents  for  driving  are  those  that  flow  at  right 
angles  to  the  magnetic  lines  and  at  right  angles  to  the 
direction  of  motion,  or,  if  oblique,  their  resolved  parts  in  tbia 


c 


Fka.  460.— RoTATiNQ  Pakt  or  Bbown'^  Moiob. 

direction.  Hence  it  is  better  to  make  the  moving  part  as  an 
iron  core  surrounded  by  appropriate  closed  coils  within  which 
the  induced  currents  are  confined.  A  special  form  excellent 
for  small  motors  consists  of  a  cylinder  of  laminated  iroir 
within  the  periphery  of  which  are  embedded  a  number  of  stout 
insulated  copper  conductors  lying  parallel  to  the  axis,  their 
ends  being  united  together  so  that  they  form  closed  circuits. 
A  ring  of  copper  at  each  end — forming  with  the  conductors  a^ 
sortof  squirrel-cage  of  copper  filled  with  iron — serves  to  short- 
circuit  the  conductors.  A  short-circuited  structure  of  this 
kind  is  shown  in  Fig.  460. 

When  such  rotating  combinations  of  copper  and  iron  are 
used  it  becomes  a  question  which  part  of  the  machine  should 
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be  GODsidered  ah  armatare,  and  which  as  field-nn^net.  If  the 
ling  is  regarded  as  arm<iture,  tbeo  the  copper  and  iron  coni- 
biiutioa  most  be  looked  apOD  as  a  Seld-magnet  which  is  selC- 
awgnccized  by  the  edtly-curreats  in  the  cop^ier,  and  which  is 
oontinuiilly  tryitig  to  catch  up  the  rotating  poles  outside  itso 
as  to  reduce  those  eddy-currents  to  a  rainimum  and  keep  its 
magnetic  polarity  constant.  If,  however,  the  i-ing  be  looked 
upon  9&  the  equivalent  of  a  rotitiug  magnet,  then  the  com- 
bination  ef  cof^r  and  iron  imiy  be  considered  as  an  arm^ 
ture  in  which  carrents  ai-e  iuduced,  and  wbioli  is  driven  by  tha 


"       R  * 

GCNERATOR  MOTOR 

fig.  491.— iLLUsntiTION  OP  3-PHASE  TRANSMISSION, 

reaction  of  these  currents.  The  former  is  certainly  the  uote 
correct  view  i  but  to  avoid  ambiguity  it  is  better  to  call  th« 
revolving  mass  by  t!ie  term  rotor  ;  whiL'  the  stationary  part 
wiiLclL  receives  the  primary  currents  may  be  called  the  (tetor. 
T!ie  case  of  S^ihaae  cuneiita  is  illiistiiited  by  Fig.  461, 
where  tlie  geneiutor  U  represeiite<l  by  a  ni^iet  revolving 
within  a  ring-armature,  generating  three  currents  differing 
120°  ill  phase  from  one  another.  The  rings  are  wound  witk 
three  coils  joined  up  at  tlieir  ends  and  united  to  three  lines. 
Tlie  curreiit  in  any  one  liue  at  any  iiiatant  is  equal  to  the 
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algebraic  sum  of  the  cun^ents  in  the  other  two ;  and,  with  the 
arrangement  shown,  the  phase  of  the  currents  in  any  one  of 
the  lines  is  intermediate  between  the  phases  of  the  currents  in 
the  two  coils  feeding  it.  Further,  in  the  motor  the  current 
in  P  differs  in  phase  fi-om  the  currents  in  c  and  a,  being 
^^  period  in  advance  of  the  leading  cun^nt.  As  the  magnet 
rotates  in  the  generator  a  pair  of  travelling  poles  will,  aa 
before,  be  produced  in  the  ring  of  the  motor.  It  will  be 
noted  that  the  coils  here  constitute  a  closed  circuit.  There  are 
indeed  several  ways  of  connecting  up  three  coils  so  as  to  pro* 
duce  the  ix)tatoiy  effect,  the  following  being  possible :  (1)  each 
of  the  three  coils  might  be  independently  joined  by  two  wires 
to  the  ends  of  the  three  corresponding  coils,  requiring  six 
lines ;  (2)  three  ends  of  the  three  coils  might  be  independently 


Fio.  462.  Fia.  463.  Fig.  464.— Star  and 

Star  Combination.  Mesh  Combination.  Mesh  Combination. 

joined  by  tluee  wires  to  the  three  corresponding  ends  of  the 
coils  in  tlie  motor,  their  three  other  ends  being  united  to  a 
common  return  line,  fo  inY^!vii\i;^  four  wires;  (8)  the  three 
coils  ^T,  h  and  c  may  be  simply  joined  at  a  common  junction 
(Fi<^.  4()2),  from  which  they  bmnch  star-wise  each  to  its  own 
line;  (4)  the  three  coils  may  be  joined  as/?,  9  and  r  in  Fio;.  4(>3, 
in  a  closed  mesh  joined  with  the  three  lines  at  its  comers.  In 
this  case  the  phases  of  the  currents  iu  J9,  q  and  r  are  inter- 
mediate Iwtween  those  of  the  three  currents  in  the  lines ;  (5) 
six  coils  may  be  used  as  in  Fig.  464,  which  shows  the  way  of 
getting  a  G-phase  effect  out  of  a  3-phase  current  by  combining 
the  star  and  mesh  arrangements ;  (6)  by  merely  winding  a  coil 
left-handedly  insteiui  of  right-handedly  the  phase  of  its  mag- 
netizing force  is  reversed.  For  example,  a  reversed  coil  inserted 
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in  a  (in  Fig.  461)  would  give  an  effect  differing  180^  in  phase 
from  a,  and  therefore  intermediate  between  h  and  c. 

The  mode  in  which  the  three  currents  overlap  in  phase  is 
ghown  in  Fig.  465,  the  phase-difference  being  here  120®.  Three 
currents  with  phase-difference  60°  will  also  serve  for  rotatory 
work,  and  can  be  converted  into  three  of  120®  by  merely 
inverting  the  connections  at  the  ends  of  one  of  the  three  coils. 

Star  and  mesh  combinations  may  also  be  applied  to 
2-phase  systems.  The  two  circuits  of  the  Niagara  generators 
are  kept  separate,  four  lines  being  required ;  but  in  many 
oases  three  lines  would  suffice,  one  of  them  serving  as  a 
common  return  for  the  two  circuits. 


C  fC  B'  C' 

Fig.  465.— -Three-phase  Current  Curves. 

When  mesh  combinations  are  used  the  current  in  the  limb 
of  the  mesh  as  measured  by  amperemeter  differs  in  value  from 
the  cuiTent  in  the  line.     For  a  2-phased  system  the  current 

in  the  limb  is  —^  of  the  current  in  the  line.     For  a  8-phase 

system  the  limb-current  is  --7=  of  the  line-current.    When 

star  combinations  are  employed,  the  limb-currents  are  the 
same  as  the  line-currents,  but  the  voltages  between  line  and 
line  differ  from  the  voltages  between  any  one  line  and  the 
common  junction.  For  a  2-phase  system  with  4-ray  star  con- 
nection, the  voltage  between  two  adjacent  lines  is  V^  times 
as  great  as  that  from  line  to  centre  ;    while  with  a  8-phase 

system  it  is   V  Z  times  as  great. 
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Bradley  in  1887  described  a  ^pliase  motor  (Fig.  466) 
witli  mesh  connections ;  the  current  being  bi'ought  in  by  four 
slip-rings.     This,  however,  was  asynchronous  motor  havinga 


FiQ.  4M,— Bradley's  2-pkase  Motor. 

fixed  external  magnet.  In  1889  he  described  a  S-phase 
machine,  having  a  similar  armature  connected  at  three 
symmetrical  pointe  to  three  slip-rings. 


^: 


Fio.  467,— Tesla's  2-Phasb  System, 

Tesla  in  1887—88  designed  many  combinations  of  which 
the  fundamental  notion  was  the  progressive  shifting  of  the 
6eld.  In  Fig.  467  a  generator  is  shown  wound  with  two  coila, 
the  free  ends  of  which  are  connected  toinsulated  contact-rings 
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on  the  shaft.  From  four  brushes  that  press  on  the  rings  four 
wires  are  led  away  to  the  motor.  This  is,  in  fact,  a  simple 
2-pha8e  generator,  inducing  two  independent  cuirents  in 
quadrature.  The  motor  is  shown  as  a  ring  having  wound 
upon  it  four  coils,  two  of  which  are  connected  in  circuit  with 
one  pair  of  wires,  the  other  two  being  in  the  other  circuit. 
They  tend  to  co-operate  in  pail's  to  produce  magnetic  poles 
on  diametrically  opposite  parts  of  the  ring.  Within  the  ring 
is  pivoted  as  rotor  a  disk  D  of  iron,  preferably  cut  away  at 
its  sides  so  as  to  form  an  elongated  body  ;  and  turning  so  as 
to  convey  from  side  to  side  of  tlie  ring  the  greatest  numberof 

magnetic  lines.  It  wtis  found 
that  this  form  was  not  essen« 
tial  to  rotation,  since  a  circu- 
lar disk  of  iron  was  also  set 
revolving.  In  a  series  of 
eight  diagrammatic  figures 
Tesla  explained  the  succes- 
sive phases  through  which 
\\\^  coils  of  the  generator 
pass  during  one  revolution, 
and  the  corresponding  and 
resulting  changes  of  magnet- 
ism [)roduced  in  the  ring  of 
the  motor. 

By  adopting  a  multipolar 
design  the  speed  can  be  re- 
duced though  the  frequency  of  alternation  remains  the  same. 
Fig.  4G8  shows  a  design  by  Tesla  for  using  a  tetrapolar 
niiignetic  field  having  four  poles  in  the  A  circuit  (alternately 
N  and  S  poles),  and  four  intermediate  poles  in  the  B  circuit. 
In  such  a  case  the  progression  of  the  field  is  not  a  uniform 
rotation.  The  field  of  a  pole  at  A  does  not  shift  round  to  the 
next  pole  at  B.  What  happens  is  that  the  magnetism  of 
the  A  pole  dies  out,  while  fresh  magnetism  grows  in  the 
neighboring  B  pole. 

The  famous  8-phase  transmission  of  power  from  Laufien 
to  Frankfort  in  the  autumn  of  1891  did  much  to  bring  into 


Fig.  468.— Multipolar  Design. 
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notice  the  advantages  of  polyphase  methods  for  electric 
power  purposes.  Tiirough  three  copper  wires,  each  4  milli- 
metres in  diameter,  and  110  miles  long,  100  H.P.  was  trans- 
mitted with  an  efficiency  of  75  percent.,  the  pressure  being 
niised  by  transformers  to  about  8000  volts  (see  p.  697.) 
Particulars  ai*e  given  in  the  author's  work  on  Polyphase 
Electric  Cun*enUi. 

Modern  Polt^phaae  Motors, — In  modem  motors  both  stator 
and  rotor  are  built  up  of  stampings  of  soft  iron  pierced  with 
holes  or  slotted  to  receive  tlie  conductors.  Fig.  409  gives 
about  i  size  the  stampings  for  a  4-pole,  G-II,P.,  2-plmse  motor 
designed  by  Brown  ;  tlie  rotor  being  of  the  short-circuited 
squirrel-cjige  pattern  (Fig.  400)  with  37  conductors.  This 
motor  is  intended  for  100  volts  at  a  frequency  of  40  periods, 
and  runs  at  1200  revolutions  per  minute.  Plate  X VIII.  gives 
scale  drawings  of  a  3-phase  motor  of  100  H.P.,  taking  current 
directly  from  high  jn-essure  mains  at  5000  volts,  with  a 
frequency  of  40  periods  per  second  and  a  si)eed  of  GOO 
revolutions  per  minute.  The  rotor,  which  is  about  30  inches 
in  diameter,  lias  96  holes  througli  which  insulated  copper 
conductors  are  threaded,  and  joined  up  in  a  wave-wuiding 
constituting  a  3-branelied  star,  of  which  the  three  outer  ends 
are  led  down  througli  the  shaft  to  three  slip-rings  to  permit 
of  an  external  starting-resistance  being  ai)plied.  The  torque 
at  starting  is  greater  when  such  resistances  are  inserted  in  the 
secondary  circuit  (see  p.  081).  Fig.  470  gives  an  external 
view  of  a  2-pha.se  120  II.P.  motor  built  upon  the  same 
carcase,  but  with  different  windings,  to  work  at  2000  volts. 
In  this  case  the  starting  resistance  is  attaelied  inside  the 
rotor,  with  a  sim[)le  mechanism  passing  out  through  the 
end  of  the  shaft  to  short-circuit  it  when  tlie  motor  has 
started.  In  this  way  the  need  of  slij>-rings  is  avoided,  the 
rotor  having  no  external  connections  of  any  kind. 

These  rotatorv-tield  motors  were  brounrht  to  a  aUAi  T)itch 
of  perfection  by  the  Oerlikou  Co.,  and  by  Brown,  Boveri  & 
Co. :  and  more  recently  the  Westinghouse  Co.  has  brought 
out  many  fine  designs.  On  the  Continent  of  Europe  several 
large  central  stations  and  many  factories  are  now  equipped 
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with  polypbftse  Bystems.  The  efficiency  of  the  polyphase 
motors  is  very  high,  certainly  not  inferior  to  that  of  con- 
tinaouscurrent  rnotom  of  equal  power  and  cost. 

ELEHEHTAJtY  THEORY  OF  POLYPHASB  MoTOBS. 
For  the  sake  of  Bimplicity  we  will  take  a  bipolar  machine, 
the  iron  of  which  is  of  the  general  shape  shown  in  Fig.  469.  . 
Suppose  that  a  rotatory  magnetio  field  is  produced  by  either 
^base  or  &^hase  currents  in  the  stator. 


Fio.  470,— Two-phase  motok  of  120  Horse-power  (Brown). 

The  currents  :n  the  rotor  also  produce  a  magnetic  field 
which,  compounded  with  that  of  the  stator,  gives  riseto  a 
resultant  rotating  field.  It  is  to  this  resultant  field  that  the 
electromotive-forces  in  the  conductors,  and  the  torque,  are  due. 
We  will  take  it  as  aunifonn  flux  flowing  diametrically  through 
the  rotor  and  cutting  the  conductors  of  hoth  stator  aud  rotor 
as  it  revolves. 

Let  fi  stand  for  angular  speed  of  the  rotatory  magnetic 
field  =  2  IT  »  in  a  bipolar  machine,  where  n  is  the  frequency 
of  period.  If  the  machine  is  multipolar  having  m  pairs  of 
poles  then  a  =  2  ic  n  -i-  m. 
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Let  i»  stand  for  angular  speed  of  the  ix>tating  part,  or- 
rotor  of  the  machine,  =  2  :r  w„  where  w*  is  the  actual  immber 
of  turns  per  second. 

Let  T  stand  for  the  torque  between  the  stator  and  the  rotor. 

Let  W  stand  for  the  power  (total  watts)  communicated  by 
the  fftator  to  the  iY)tor. 

Let  w  stand  for  the  power  (useful  watts)  actually  used  in 
toniing  tlie  rotor. 

i2  —  w  is  the  slip  of  the  rotor  with  respect  to  the  field,  oris 
the  difference  of  their  angular  speeds.  If  the  field  has  an 
angular  speed  ^  —  ta  greater  than  that  of  the  rotor,  it  is  clear 
that  the  inductive  action  on  the  circuits  of  the  rotor  will  be 
exactly  the  same  as  if  the  rotor  were  revolved  backwards 
with  a  speed  Q  —  »  while  the  field  stood  still. 

W  —  w  IS  the  power  wasted  in  heating  the  conductors  and 
iron  of  the  rotor,  since  it  is  the  difference  between  the  total 
power  supplied  to  the  rotor  and  the  power  it  utilizes. 

Now  W  is  proportional  to  T  and  to  i2,  and  therefore,  by 
choosing  suitable  units  may  be  written  W  =  T  i2. 

And  w  is  proportional  to  T  and  »,  and  may  be  written 
t(;  =  T  fti. 

Hence,  dividing  the  last  equation  by  the  preceding, 

From  this  we  see  tliat  the  efficiency  of  the  rotor  is  the  same 
as  the  ratio  of  the  two  speeds.  The  efficiency  of  the  stator 
will  be  considered  presently. 

Further,  the  rotatory-field  motor  is  simply  a  sort  of  running 
transformer,  of  which  the  stator  and  rotor  ^vindings  constitute 
respectively  the  primary  and  secondary.  Now,  if  to  were  made 
==  Q  tliei-e  would  be  no  induced  currents  in  the  rotor  con- 
ductors, the  stator  would  then  simply  act  as  a  choking  coil ; 
hence,  it  follows  that  if  the  condition  of  supply  of  the  primaiy 
currents  is  that  of  constant  voltage,  the  magnetic  flux  through 
the  machine,  rotating  with  speed  fi,  will  have  an  approximately 
constant  value  at  all  loads,  just  as  the  flux  in  the  core  of  an 
ordinary  transformer  ha^.     This,  of  course,  is  only  true  when 
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tiie  cun*eut  in  tlie  stater  coils  \a  unrestricted;  it  i»  not  tnie» 
for  instance,  if  a  resis^tance  is  put  in  series  witli  the  stater 
coils,  or  wLen  tlie  motor  is  starting  without  any  resistance  iu 
its  rotor  cii'cuit,  as  will  be  seen  hei*eaf  ter*  Furtlier,  if  there  is 
yerj  little  magnetic  leakage  in  tlie  gap  between  stator  and 
rotor  (as  is  indeed  the  case  in  well-designed  motors),  the  only 
electromotive-forces  in  the  rotor  conductors  will  be  thocje 
produced  by  tlie  resultant  magnetic  field,  and  therefore  the 
maximum  currents  in  them  will  occur  when  the  conductoi'sare 
in  that  part  of  the  field  where  the  flux  density  is  a  maximum. 
And  as  tike  flux  is  constant  at  all  loads  (subject  to  the  above 
conditions),  it  follows  that  the  torque  will  be  proi^i-tional  to 
the  currents  in  the  rotor.  But  these  are  projwrtional  to  the 
slip  ^  —  iox  hence,  also,  it  follows  that  T  will  be  proportional 
to  Q  —  la,  and  may  be  Avriten  T  =  t  (^  — «;),  where  6  is  a 
constant  depending  on  the  strength  of  the  field,  the  radius  of 
the  rotor,  and  the  length  and  resistance  of  the  conductors  of 
the  rotor. 

We  may  now  write  : — 

Useful  watts  w  =  6  .  w  (i2  —  <ii). 
Total  watts  W  ==  ft  .  -0  (fi  —  w). 
Wasted  watts  W  —  w  =  5  .  (i2  —  w)? 

Hence  we  may  at  once  apply 
the  now  well-known  diasfram  of 
motor  efficiencies,  by  drawing 
(Fig,  471)  a  square  "^  A  B  C  D,  f 
having  its  side  A  B  numencally 
equal  to  ^,  and  cutting  off  a 
piece  B  F  equal  to  <•».  The  area 
A  F  H  D  repi-esents  the  total 
watts  supplied,  the  area  AFGK, 
or  G  L  C  H,  the  watts  utilized, 
and  the  square  K  G  H  I)  the  ' 
watts  wasteil  in  heating  the  con-  pj^  4-^^ 

ductors  of  the  rotor.     The  effi- 
ciency will  approjich  unity  as  F  moves  up  towanls  A ;  and, 
as  with  continuous-current  motoi-s,  if  it  were    not  for  the 
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weakening  of  the  field  by  armature  reaction,  the  output  would 
be  a  maximum  when  «>  =  J  Q,  the  efficiency  being  then  only 
50  per  cent.  We  shall  see  presently  that  when  the  motor  is 
running  at  much  below  its  proper  speed,  magnetic  leakage 
and  other  causes  play  such  an  important  pai*tthat  the  torque 
is  actually  less  than  at  a  higher  speed.  Fig.  471  is,  however, 
applicable  to  cases  of  normal  running,  and  shows  how  these 
rotatory-field  motora  behave  in  an  exactly  similar  manner  to 
continuous-cuiTent  motors. 

In  good  modern  rotatory-field  motors  the  slip  is  only,  at 
the  most,  about  4  per  cent.,  except  for  very  small  sizes  of 
machine,  where  it  may  be  10  per  cent,  at  full  load. 

In  the  above  investigation  no  account  has  been  taken  of 
the  loss  due  to  heatingnn  the  conductors  of  the  primary  or 
stator  circuit.  This,  like  the  ordinary  C^R  loss  in  the  exciting 
circuit  of  any  dynamo,  is  but  a  small  percentage  of  the  whole 
energy  supplied.  Neither  has  any  account  been  taken  of 
hysteresis  losses  in  the  iron  of  the  stator,  which  also  have  to 
be  supplied,  as  it  were,  by  additional  excitation,  but  are  small 
in  a  well-designed  machine.  Losses  by  hysteresis  or  by  eddy- 
currents  in  the  iron  of  the  rotor  will,  like  the  friction  of  the 
journals,  deduct  from  tlie  available  power,  but  these  are 
necessarily  very  small  since  the  revei'sals  of  the  magnetism 
in  the  rotor  are  proportional  not  to  ^  but  to  2  —  <w. 

Hesultant  Magnetic  Flux  in  Motor, — It  was  pointed  out 
above,  from  consideration  of  transformer  analogies,  that  the 
magnetic  flux  in  the  motor  is  of  approximately  constant 
value  at  all  normal  loads.  We  may  take  it  that  in  the  air  gap 
between  rotor  and  stator  tlie  flux-density  varies  approxi- 
mately as  a  sine  function  around  tlio  periphery  from  point  to 
point.  Let  the  density  of  this  flux  in  the  direction  in  which 
it  is  a  maximum  be  called  B«  This  flux-density,  like  the 
flux-density  in  a  transformer  core,  is  the  result  of  the  mag- 
netizing actions  of  both  the  primary  and  the  secondaiy  wind- 
ings. Kapp  has  given  ^  a  discussion  of  the  reaction  which 
may  be  summarized  as  follows  : — 

Take  a  line  Bi  ^^  represent  (Fig.  472)  the  maximum  of 

1  Gisbert  Kapp,  Electric  Transmission  of  Energy.  ISH^  p.  310. 
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the  flux-density  in  the  motor;  in  a  bipolar  machine  it  may 
be  considered  as  revolving  clockwise  around  O  as  a  centre, 
with  an  angular  speed  fi.  This  field  is  due  to  the  joint 
action  of  the  impressed  field  excited  by  the  primary  currents 
in  the  stator,  and  of  the  induced  field  excited  by  the  secondary 
currents  in  the  rotor.  These 
rotor  currents  are  in  phase  with 
the  resultant  field  (if  there  is 
no  magnetic  leakage),  and  pro- 
portional to  it,  and  to  the  slip. 
They  may  be  represented  by  a 
length  (7,  set  off  along  the  side 
g.  This  current  c  tends  to 
produce  a  cross-magnetization, 
p.73,  proportional  to  itself.  Let 
the  line  h  at  right  angels  to  B 
represent  this  cross  field.  Here 
b  =  k  c  where  k  is  a  coefficient  depending  on  the  reluctance 
of  the  magnetic  circuit  and  the  number  of  windings  on  the 
rotor.  Complete  the  triangle  Q  b  ahy  drawing  the  line  a. 
Then  a  represents  in  magnitude  and  phase  the  magnetic  field 
that  must  be  impressed  l)y  the  primary  currents  in  the  stator, 
since  B  is  the  resulUmt  of  a  and  b.  The  angle  /i  is  the  angle  by 
which  the  current  in  tlie  rotor  lags  behind  tlie  impressed  field. 

Further,  since  the  torque  is  pro[)ortional  to  both  B  f^^^d  c — 
that  is  to  B  f^"^l  ^ — ^^^G  area  of  the  triangle  a  Q  b  will  repre- 
sent the  torque. 

Moreover,  since  c  is  proportional  to  the  slip,^  and  to  Qj 
and  to  a  constant  depending  inversely  on  the  resistance  R  in 
the  rotor  circuit,  we  may  write 

^=B_Xslip. 
K 


Fig.  472. 


or  slip 


cR 

"B 


*  "  Slip"  is  here  used  to  denote  an  angular  si)eed,  namely  (Q  -  o).    Some 

writers  use  it  to  denote  the  ratio  between  the  two  s^^eeds,  that  is  to  say  —, 
S— Vol.  4  ^ 
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and  substituting  b  -r-h  for  <?, 

slip  =1x5: 

B     * 

but  b-7-^\B  tan  /9,  hence  slip  is  proportional  to  Rtani^.  That 
is  to  say,  if  the  slip  is  great  the  angle  of  lag  P  will  be  great. 

Conditions  of  Operation, — There  are  three  chief  stages 
of  operation  to  be  considered ;  and  for  the  present  we  will 
consider  the  supply  voltage  constant. 

(i.)  Starting, — Here  a>  =  0,  and  slip  =  Q.  Rotor  cuiTents 
enormous,  primary  currents  also  enormous.  Therefore,  p 
the  angle  of  phase-difference  between  primary  currents  and 
resultant  field  very  large.  Torque  would  be  enoimous  if 
there  were  no  magnetic  leakage  (see  p.  681). 

(ii.)  Running  at  Light  Load, — Here  it>  is  very  nearly  equal 
to  0  ;  and  as  slip  is  small,  rotor  currents  will  be  small,  and 
their  reaction  small.  Angle  /5  will  be  small,  and  a  will  not 
be  much  larger  than  B* 

(iii.)  Running  vnth  Heavy  Load, — Here  ^  —  «>,  the  slip, 
must  be  enough  to  allow  of  the  generation  in  the  rotor  of 
cuiTcnts  enough  to  produce  the  necessary  torque  at  the  actual 
speed  of  rotation. 

In  addition  to  the  above,  if  the  speed  is  artificially  brought 
up  to  synchronism  by  supplying  from  without  power  to  over- 
come friction,  &c.,  there  will  be  no  rotor  currents  and  no 
torque.  If  the  speed  is  artificially  increased  beyond  this»  so 
that  the  rotor  runs  faster  than  its  field,  power  will  be  con- 
sumed in  driving  it,  and  it  will  act  as  a  generator,  pumping 
back  cui-rent  into  the  supply  network,  as  we  shall  see 
presently  (see  p.  685 ;  also  p.  606). 

Starting  Torque, — In  the  above  we  have  considered  a 
motor  working  under  normal  conditions,  so  that  the  rotor 
currents  are  not  excessive  and  the  effect  of  magnetic  leakage 
has  been  neglected.  When,  however,  the  motor  is  being 
started,  the  slip  is  so  great  that  enormous  currents  would  be 
generated  in  the  rotor  circuit  if  of  low  resistance.  These 
currents  would  call  for  very  large  currents  in  the  primary 
coils  to  keep  up  the  magnetic  flux,  just  as  in  a  transformer. 


r 
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The  effect  would  be  threefold.  In  tlie  fii-st  place,  a  consid* 
erable  fi-action  of  the  pressure  of  supply  would  be  lost  upon 
CV  losses  in  the  stator  coils.  Secondly,  the  ampere-turns 
of  the  stator  and  rotor  coils,  opposing  each  other  with  very 
great  magnetomotive-forces,  would  force  a  number  of  lines 
along  paths  which  do  not  thread  through  both  sets  of  coils 
(for  example,  leakage  would  appear  along  the  air-gap),  and 
these  lines  would  be  the  cause  of  electromotive-forces  in 
the  stator  and  rotor  coils,  in  addition  to  the  electromotive- 
force  produced  by  the  common  resultant  field,  and  have  a 
choking  effect  upon  the  currents  in  these  coils.  Thirdly, 
not  only  is  the  true  resultant  field  B 
diminished  by  tlie  above  causes,  but 
the  little  that  remains  is  out  of  phase 
with  the  current  in  the  rotor  circuit, 
so  that  the  torque  is  very  much  reduced 
instead  of  being  increased  by  excessive 
slip  when  the  rotor  circuit  is  of  low 
resistance.  This  is  very  simply  ex- 
hibited in  Mr.  Kapp's  construction. 
Wlien  the  slip  is  great,  the  triangle 
a  B  ^  will  become  of  the  form  of  Fig. 

473;  for  if  slip  is  proportional  to  R 
tan  /5,  and  R  is  small,  tan  ^  must  be 
very  great,  /5   will   be    near    90°,   the 

impressed  field  a  is  limited  by  the  foregoing  considerations, 
so  the  torque  (represented  by  the  area)  will  be  very  small. 
If  we  increase  R  we  necessarily  decrease  tan  /5,  making  B 
greater  and  the  area  greater,  and  so  we  get  a  greater  starting 
torque.  Thus,  introducing  a  non-inductive  resistance  into  the 
rotor  circuit  at  starting  enables  the  machine  to  start  with  a 
greater  torque. 

Relation  between  Torque  and  Slip^ — In  order  to  get  an 
equation  for  the  torque  in  terms  of  the  slip  and  the  resistance 
of  the  rotor,  we  note  that  from  Fig.  472  it  follows  tliat 


Flo.  473. 


and 


6  =  a  sin  /J, 
B  =  «  cos  y9. 
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Now,  from  the  equation — slip  =  q  Xx»  ^^®  g©^  "Tr"X  *  ^*  5* 

Therefore,  by  merely  altering  the  scale  of  Fig.  472,  we  can 
rename  the  sides  of  the  triangle  as  shown  in  Fig.  474,  where 
8  stands  for  the  slip. 

h% 


From  this  we  see  that  sin  fi  ss 


R 


i^R'  +  A««« 


:  and   cos  fi 


Therefore  the  torque  T,  which  is  proportioned  to  i  X  B«  ^ 


proportional  to  a^  sin  p  cos  y?;  and  therefore,  writing  9  as  a 
-quantity  involving  a^  and  constants  depending  on  construction, 
we  have 

rw^  «R 

1   =  Q  .  ■ • 

Here  we  are  assuming  that  a,  the  impressed  field,  is  con- 
stant (see  p.  681). 

If  we  wish  to  see  graphically  what  this  equation  means, 
we  may  then  plot  out  the  relation  between  T  and  8  as  a  curve, 
assuming  a  definite  value  for  R. 

Take  the  line  O  X  (Fig.  475)  to  represent  the  speed  of 
rotation  of  the  magnetic  field,  and  cut  off  from  it  a  part  O  Q 
to  represent  the  speed  of  the  motor.  Tlien  the  remainder 
Q  X  represents  the  slip.  This  is  equivalent  to  plotting  the 
slip  backwards  from  X.  The  vertical  ordinates  then  represent 
the  values  of  the  torque  as  calculated  from  the  equation. 
For  example,  when  Q  X  is  taken  as  « ;  P  Q  is  plotted  to 
represent  the  corresponding  value  of  T.  Thus,  beginning  at 
X  where  the  slip  is  zero,  we  get  a  curve  X  P  f  ^,  which  rises 
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Steeply^  comes  to  a  maximum,  and  dies  away  to  the  value 
O  ty  which  is  the  torque  at  starting.  The  torque  has  a 
certain  maximum  value  for  which  ^  =  46**.  It  will  be  noted 
that  the  steep  end  part  of  the  curve  is  nearly  straight,  being 
an  asymptote  to  a  straight  line,  wliich  would  represent  the 
relation  between  torque  and  slip  if  the  current  in  the  stator 
were  unrestricted  and  the  magnetic  field  constant.  In  fact, 
this  line  corresponds  to  the  expression  T=  6  (q  —  w)  on 
p.  677.  Or  if  in  our  present  equation  we  consider  that 
values  of  %  ai*e  small  compared  with  K,  the  equation  might 

be  written  T  s=  j  «>.  giving  a  straight  line  law.    At  the  other 


Spe«d. 

Fig.  475. 


Clip. 


end  of  the  curve,  where  slip  is  great,  the  curve  is  hollow. 
Here  we  may  approximate  by  supposing  that  %  is  very 
great  compared   with   R,  or   that    R^   is   small    compared 

R 

with  f? ;   in  which  case  the  equation  reduces  to  T  =  y 


% 


This  is  the  equation  to  a  hyperbola  (also  shown  in  dot). 
When  the  motor  is  at  rest  «  =  q,  or  O  Q  =  zero,  giving  at 

R 

O  fj  the  value  T  =  y  — .     That  is  to  say,  at  %tarting^  the 

torque  is  proportional  to  the  resistance  of  the  rotor.  If  we 
then  assign  a  higher  value  to  R,  and  plot  out  a  new  set  of 
ordinates,  we  obtain  a  new  curve  (shown  in  dotted  line)  which 
also  starts  at  X,  rises  to  a  maximum  of  the  same  height  as 
before,  and  then  falls,  but  this  time  to  t^*     The  effect,  then,  of 
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introducing  more  resistance  is  to  raise  the  torque  at  starting; 
but  it  also  has  the  effect  of  causing  the  maximum  torque  to 
occur  when  the  slip  is  greater.  The  motor  gives  out  practically 
the  same  power  as  before,  but  runs  with  a  greater  difference 
of  speed  between  its  speed  at  light  load  and  its  speed  at  full 
load.  And  the  efficiency  at  full  load  is  diminished.  If,  with 
a  5  per  cent,  slip  and  a  96  per  cent,  efficiency,  we  do  not  get  a 
sufficient  starting  torque,  we  can  get  it  by  introducing  resist- 
ance, and  contenting  ourselves  (at  full  load)  with,  say,  a 
10  per  cent,  slip,  and  a  90  per  cent,  efficiency.  And  one 
understands  the  reason  for  the  modem  device  of  constructing 
the  rotor  so  that  a  resistance  can  be  put  in  at  starting,  and 
then  sliort-circuited  as  soon  as  the  rotor  has  got  up  a  fair 
speed. 

In  the  various  theories  of  the  rotatory-field  motor*  the 
subject  is  attacked  from  many  different  points  of  view,  but, 
through  whatever  mathematical  intricacies  it  has  passed,  the 
expression  for  the  torque  is  of  the  geneml  form 

The  above  method  of  deducing  the  formula,  though  in- 
complete in  so  far  as  it  does  not  contain  symbols  for  all  the 
quantities  concerned,  perhaps  has  the  advantage  of  keeping 
clearly  in  view  the  main  principle,  and  enabling  the  student 
to  follow  the  physical  meaning  of  the  expressions  throughout. 
The  quantity  A,  it  will  be  remembered,  is  a  constant,  depend- 
ing upon  the  reluctance  of  the  magnetic  circuit  and  the 
number  of  windings  on  the  rotor.  It  is,  in  fact,  the  self- 
induction  of  one  complete  turn  of  conductor  on  the  rotor. 
The  quantit}'-  q  involves  (fi  and  total  number  complete  turns 
upon  the  rotor.  In  comparing  with  the  formulae  given  by 
other  writers,  it  must  be  remembered  that  «  is  an  angular 
speed,  and  is  equal  to  2  -  (n  —  n^  (see  p.  676). 

1  By  Duncan,  Hutin  and  Leblanc,  Saliulka,  Picou,  Arnold,  Ferraris, 
Keber,  Steinmetz,  De  Bast  and  others.  See  the  author's  work  on  Polyphase 
Electric  Currents* 
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Steinmetz  gives  the  formula  for  finding  the  toniiie  in 
pounds  at  1  foot  radius  in  the  form 

to  use  our  own  symbols ;  g  being  the  ratio  of  the  Becondmy 
turns  to  tiie  primary  turns,  and 


/= 


660 


746  7rjon* 


where  n  is  the  frequency,  and  p  the  number  of  poles.    Stein* 
metz's  theory  is  veiy  complete  in  this  respect,  that  he  takes 


Fia.  476. 

into  acoount  both  leakagre  and  hysteresis,  and  gives  an  ex- 
pression for  «,  the  counter  electromotive-force  in  the  stator 
conductors,  in  tenns  of  tlie  impressed  volts,  and  an  expression 
involving  these  quantities.  Plotting  values  for  torque  at 
different  amounts  of  slip  he  gives  the  curve  shown  in  Fig*.  476, 
which  is  of  the  same  chai-acter  as  that  given  in  Fig.  475,  only 
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extended  in  both  directions-  If  the  speed  o£  tiie  motor  is  nm 
up  by  mechanical  means  beyond  syiichioniism,  the  torque 
becomes  negative  and  the  machine  acts  as  a  generator,  giving 
the  lower  bi-anch  of  the  curve.  If,  on  the  contrary,  the  motor 
is  turned  in  tlie  sense  opposite  to  the  rotation  of  the  field,  the 
torque  decreases  as  shown  on  the  left  of  the  figure. 

Tht  fita-^leyKeUy  Two-phase  Motor. — This  motor  has  the 
obaiacteristic  peculiarity  that  though  a  two-phase  motor, 


Fio.  477,— Stator  op  Stanley-Kelly  Motoe. 

the  two  magnetic  fields  are  kept  independent  and  are  not 
combined  to  form  a  rotatory  field.  The  Btittor  (Fig.  477) 
consists  of  two  parts,  each  of  which  is  multipolar,  and  which 
are  "  staggered  "  with  respect  to  one  another.  Each  simply 
produces  an  alternating  field.  The  revolving  part  consists 
of  two  rotors  wide  by  side  (Fig,  478),  the  windings  of  which  aro 
interconnected,  so  that  the  wire  which  lies  directly  under  the 
poles  in  one  of  the  stationary  armatures,  is  in  series  with  the 
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wire  that  lies  between  the  poles  in  the  other.     So  connected 
each  rotor  acts  alternately  as  a  motor,  to  receive  current  and 


Fio.  478,— Rotors  of  Stanlky-Kklly  Motor. 

be  driven  by  it,  and  as  a  transformer  to  sentl  current  to  the 
other  rotor.  The  windings  on  the  two  rotois  together  are 
closed,  liaving  no  extermil  connections  or  commutator. 

Monophase  Motors. 

As  soon  as  polyphase  asynchronous  motors  had  reached 
the  stage  of  pi'actical  success,  it  became  evident  that  mono- 
phase asynchronous  niotoi-s  might  be  constructed  on  analogous 
lines.  Many  yeara  ago  De  Fonvielle  discovered  that  an  iron 
disk  pivoted  within  a  coil  supplied  with  an  alternate  current 
was  mantained  in  rntation  if  once  started  in  either  direction. 
Even  before  the  introduction  of  polyphase  methods  the  funda- 
mental fact  had  been  discovered  by  Pi-of,  Elihu  Thomson, 
that  if  a  short-circuited  armature  is  set  into  rotation  between 
the  poles  of  an  alternating  electromagnet,  it  will  tend  to  go 
on  in  the  direction  of  its  motion  and  increase  its  speed.  The 
alternating  magnetic  flux  through  a  non-moving  rotor  will 
induce  strong  cunents  in  those  conductors  which  enclose  it ; 
but  there  will  be  no  more  tendency  to  turn  in  one  direction 
than  in  the  other.  But  Elihu  Thomson  found  that  owing  to 
the  lag  caused  by  self-induction,  the  current  in  the  closed 
circuit  reacts,  tending  to  produce  a  secondary  m^netic  field 
which  is  out  of  phase  with  the  primary  or  impressed  field. 
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Hence,  if  this  secoudaiy  field  is  compounded  at  an  angle 
witli  the  primary  field,  the  resultant  action  will  be  equiva- 
lent to  a  rotatory  field. 

In  the  coui"se  of  his  observations  on  the  effects  of  alternate 
currents,^  in  1886-7,  Eliliu  Thomson  observed  that  a  copper 
ring  placed  in  an  alt^eniating  magnetic  field  tends  either  to 
move  out  of  the  field  or  to  turn  so  as  to  set  itself  edgeways 
fjo  the  magnetic  lines.  He  took  an  ordinaiy  continuous^ 
eunent  armature  placed  in  an  alternating  field,  and  having 
ishort-circuited  the  brushes,  placed  them  in  an  oblique  position 
with  respect  to  the  direction  of  the  field.  The  effect  was  to 
cause  the  armature  to  rotate  with  a  considerable  torque. 
The  coiiductoi-s  of  the  Jirmature  acted  just  as  an  obliquely 
placed  ring,  but  with  this  difference,  that  the  obliquity  was 
continuously  pi^served  by  the  brushes  and  commutator,  nob- 
withstanding  that  the  armature  turned,  and  thus  the  rotatioa 
was  continuous, 

A  closed  squirrel-cage  rotor,  like  Fig.  460.  when  once 
started  in  an  alternating  (bipolar)  field,  tends  to  run  up  into 
synchronism  ;  that  is  to  say,  if  there  were  no  friction  it  would 
make  exactly  half  a  turn  during  each  reversal  of  the  primary 
current.  But  if  there  is  any  work  done  in  turning,  then  it 
will  run  slower,  the  %lip  being  proportional  (as  in  the  poly- 
phase motoi-s)  to  the  torque.  The  only  trouble  then  is  to 
start  the  motion. 

Monophase  motors  may  therefoie  be  built  on  lines  pre- 
cisely similar  to  the  polyphase  motors  ali^eatly  described. 
The  rotor,  for  small  sizes,  may  be  a  simple  squin^el  cage; 
for  larger  sizes  it  will  l)e  a  wound  structure,  with  arrangement 
for  inserting  a  starting  resistance.  The  stator  will  be  wound 
with  appropriate  windings  to  receive  the  primary  cuiTent, 
and  with  an  auxiliary  winding  to  be  used  at  starting,  as  de- 
scribed l3elow,  and  then  either  to  be  cut  out  or  else  Hirown 
into  the  main  circuit 

lElihu  Thomson,  "Novel  Phenomena  of  Alternating CarpenU,^^  £Z€C. 
Woria,  (X.  Y.),  May  28,  1887.  See  also  J.  A.  Fleming,  "  On  Electro- 
magnetic Repulsion,"  'Proc,  Boyal  Institution^  March  1891 ;  and  Joxirru 
Soc,  ofArtfi,  May  14,  189a 
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SpliUing  the  Phase. — The  way  in  which  monophase  motois 
%ve  commonly  started  is  to  superimpose  upon  the  alteiiiatiiig 
field  an  oblique  field  differing  in  phase.  This  is  usually  done 
by  having  additional  coils  on  tlie  stator  fed  by  a  current  that 
is  out  of  step  with  the  current  in  the  main  coils,  and  it  is 
necessary  to  have  some  device  which  will  cause  a  difference 
in  tlie  phase  of  the  currents  in  the  two  branches.  This 
operation  of  uplitting  the  phase  may  be  i)erformed  in  many 
ways,  Ferraiis  pix>duced  rotation  in  his  motor  by  connecting 
-one  of  the  pairs  of  coils  in  the  circuit  of  an  ordinary  alternate 
current,  whilst  tlie  other  pair  were  connected  as  a  shunt  to 
the  circuit,  with  an  inductive  resistance  included  in  order  to 
retard  the  phase.  Borel  attained  a  similar  result  by  using 
iron  cores  in  one  pair  of  coils. 

We  have  seen  (p.  563)  tliat  in  circuits  possessing  resist- 
ance and  self-induction  tlie  tangent  of  the  angle  of  lag  of 
the  current  behind  the  electromotive-force  is  equal  to  jt?  L/R. 
If,  therefore,  we  have  a  comparatively  large  self-induction  in 
one  branch  of  the  circuit,  and  compamtively  large  resistance 
on  the  other,  the  phases  of  the  currents  will  differ  by  nearly 
90°.  This  difference  in  the  self-induction  of  tlie  branches 
may  be  caused  either  by  the  difference  in  the  number  of  turns 
of  wire  in  the  coils  on  the  stator  and  the  arrangement  of  the 
iron  around  them,  or  it  may  be  caused  by  putting  in  series 
with  one  of  the  branches  a  coil  of  wiie  on  an  iron  core.  A 
non-inductive  resistauoe  may  be  introduced  into  the  other 
branch. 

A  difference  in  phase  can  also  be  produced  by  giving  one 
of  the  branches  capacity  by  means  of  a  condenser,  capacity 
having  the  effect  of  giving  the  current  a  lead.  The  kind  of 
condenser  usually  em[)loyed  for  this  purpose  is  an  electrolytic 
condenser,  consisting  of  a  number  of  iron  plates  with  a  solu- 
tion of  carbonate  of  soda  between  them. 

Splitrphase  Motors. — This  device  of  procuring  a  difference 
of  phase  at  starting  may  also  be  made  use  of  for  the  perma- 
nent running  of  a  motor.  Two-phase  motors  were  designed 
by  Tesla  in  which  the  two  sets  of  poles  were   wound  with 

coils  having  different  resistances  and  inductances.       They 
44 
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only  need  to  be  supplied,  however,  from  a  single  source  of 
alternating  current. 

Theory  of  MonopluLBe  Motors, — Prof.  Fermris  ^  has  given 
a  simple  method  of  treating  this  subject  in  which  the  alter- 
nating magnetic  field  is  regarded  as  being  resolved  into  two 
magnetic  fields  rotating  in  opposite  directions.  It  is  a  famil- 
iar point  in  mechanism  that  any  simple  harmonic  rectilinear 
motion  may  be  resolved  into  two  equal  circular  motions  in 
opposite  directions.  Fig.  479  illustrates  one  way  of  doing 
this,  the  mechanism  being  well  known  to  engineei'S.  The 
amplitude  of  the  original  motion  is  equal  to  the  diameter  oi 


Fig.  479. 


Fio.  480. 


each  of  the  circular  motions.  Ferraris  deals,  however,  with 
the  problems  of  the  alternating  magnetic  field  quite  generally, 
applying  the  geometrical  notion  of  rotating  vectoi-s. 

If  we  represent  by  the  vector  61  which  rotates  clockwise 
uniformly  about  O,  the  magnitude  and  direction  of  a  rotating 
magnetic  field,  and  by  6^  the  magnitude  rind  direction  of 
another  field  of  the  same  strength  rotating  in  the  opposite 
sense  with  the  same  frequency  w,  it  will  be  seen  that  the 
direction  of  the  resultant  field  is  always  along  the  line  B,  and 
the  magnitude  of  the  resultant  field  will  alternate  between  the 

1  Galileo  Ferraris,  "  A  Method  for  the  Treatment  of  Rotating  or  Alter- 
nating Vectors,  with  an  Application  to  Alternate-current  Motors,"  JRec(r^ 
dan,  110,  129,  152,  184,  1894. 
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values  +  2  &  and  —  2  6  following  a  sine  function  of  the  time, 
so  that  we  may  write  B  =  2  6  sin  2  t^  nt. 

Conversely,  if  we  have  an  alternating  field  following  the 
law  Bq  sin  2  ?:  n  ^  as  in  a  monophase  motor,  we  may  resolve 
it  into  two  oppositely  rotating  fields  of  the  same  frequency  n, 
and  consider  the  effect  of  eacli  field  separately  upon  the  rotor* 

If  the  rotor  turns  clockwise  with  a  frequency  m,  the  fre- 
quenx5y  of  rotation  of  the  clockwise  field  with  respect  to  the 
rotor  will  be  n — m,  and  the  frequency  of  rotation  of  the 
counter-clockwise  field  with  respect  to  the  rotor  will  be 
n-fwi. 

Each  field  may  be  considei*ed  as  generating  currents  in 
the  rotor,  and  the  torque  due  to  such  currents  flowing  through 
conductors  in  the  field  may  be  ascertained  by  the  formulae 
employed  in  the  case  of  rotary-field  motoi-s. 

Now  it  was  found  above  (see  p.  682)  that  a  field  rotating 
with  a  speed  s  relatively  to  the  rotor  produced  a  torque 

where  L  =s  Ar,  and  the  coefficient  2  ?r  is  added  because  on 
p.  682  s  was  an  angular  speed,  whereas  here  n  and  m  are 
revolutions  per  second. 

The  torque  due  to  the  two  oppositely  rotating  fields  will 
be 

Torque  =  ^rr ^— ^ ^"^^  L 

where  q  is  proportional  to  the  number  of  conductoi^s  on  the 
rotor  and  to  the  square  of  the  magnetic  flux. 

It  is  not  necessary  to  consider  the  partial  torque  exerted 
by  the  currents  due  to  one  rotating  field  flowing  in  conductors 
that  are  immei'sed  in  the  oppositely  rotating  field,  because  the 
frequency  of  these  currents  diffei-s  by  2  iw  from  the  frequency 
of  that  opposite  field ;  and  consequently  this  torque  is  rapidly 
reversing  in  direction. 

In  order  to  find  the  torque  due  to  the  field  rotating  clock- 
wise with  the  frequency  n  —  w,  we  draw  the  curve  O  P  Q  W 


692 


Dy^tama-Electric  Machinery. 


(Fig.  481j  (see  p.  68S  where  the  curve  is  reyersed)  showing* 
the  relation  between  slip  and  torque  obtained  by  the  formuh^ 


T  =  , 


r9 


r»  +  4^LV' 


Let  O  Q^  represent  the  speed  o£  rotation  of  field  of  fi-e-- 
quency  n  ;  then  measuring  backwards  from  Q^  a  distance  Q^  P, 
=  m  (=speed  of  rotor)  we  get  the  abscissa  O  P^  =  »  — ra^  aud 
the  ordinate  P^  P  represents  the  torque  in  question. 


V  ^ 


Fto.  481. 


To  find  the  torque  due  to  the  counter-clockwise  rotating 
field,  we  measure  oif  forwards  from  Q^  the  distance  Q^  U^sbw^ 
and  get  O  U^  =  n  -f  wi,  then  U  U^  represents  the  torque  due 
to  a  slip  n-\-in.  This  being  in  tlie  opposite  sense  to  the  torque 
P  P^  we  can  cut  off  from  P  P^  a  part  P  P^^  =  U  U^,  and  obtain 
Py^  P^  which  represents  the  actual  torque  on  the  rotor.  For 
convenience  in  subtracting  the  torques  due  to  counter-clock- 
wise field  we  may  draw  Q  W^  symmetrical  with  Q  W,  and  then 
subtract  the  intercepted  parts  such  as  TJ^^  P^  from  the  ordinatee 
such  as  P  P^.  Doing  this  for  all  the  ordinates  between  0  and 
Q^  we  obtain  the  new  cui-ve  T  P^,  Q^,  the  ordinates  of  which 
represent  the  actual  torque  for  various  values  of  m.  When 
m  =  0,  that  is  to  say,  when  the  rotor  is  stationary,  the  two 
opposite  torques  balance  one  another;  as  m  is  increased  the 
torque  rises  to  a  maximum^  aud  then  falls  to  zero  befoi*e  m  is 
quite  as  great  as  w.  Any  further  increase  in  m  produces  an 
opposing  torque. 

This  argument  assumes  that  the  impressed  flux  remains 
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fixed,  which  is  only  true  so  long  as  the  motor  is  supplied  with 
the  same  current.  The  curve  cannot  therefore  be  taken  as 
the  true  characteristic  of  the  monophase  motor  supplied  at 
constant  voltage,  but  is  useful  as  a  simple  indication  of  its 
general  behavior,  When  load  is  thi-own  on  to  the  motor  its 
speed  decreases  a  little,  more  current  flows  through  the  stator, 
and  the  impressed  field  is  correspondingly  increased,  so  that 
the  quantity  denoted  by  q  increases  in  reality  with  the  load. 

A  number  of  altemate-cun-ent  motora  have  been  devised 
which  do  not  come  under  any  one  of  the  preceding  classes, 
and  yet  are  hardly  susceptible  of  classification. 

LcFminated  Series  Motors. — For  small  power  an  ordinary 
continuous-current  motor  with  commutator  and  brushes  may 
be  used,  pi-ovided  the  field-magnet  is  built  of  laminated  iron. 

Retarded  Field  Motors, — If  one  end  of  a  laminated  bar  of 
iron  is  placed  in  a  magnetizing  coil  supplied  with  au  alternate 
current,  it  will  undergo  an  alternating 
magnetization.  But  if  at  a  point  further 
along  it  is  surrounded  by  a  stout  copper 
ring  or  ferrule,  the  eddy-currents  in- 
duced in  the  latter,  being  out  of  phase 
with  the  primary  current,  will  react 
locally  on  the  alternating  magnetiz<a- 
tion  and  retard  the  phase  of  the  mag- 
netic polarity  at  all  points  beyond. 
Consequently,  if  two   or   three   such  Fio.  482. 

closed  rings  or  bands  of  copper  sur*  . 
round  tlie  iron  core  at  different  distances  along  (Fig.  482), 
the  effect  will  be  the  same  as  if  the  poles  travelled  along  the 
ii-on  at  a  finite  speed,  a  north  pole  being  followed  by  a  south 
pole,  and  again  by  a  north  pole,  each  travelling  toward  the 
tip,  and  there  dying  out.  On  this  plan  the  Fermnti-Wright 
motor  is  based.  It  is  used  in  Ferranti's  alternate-current 
meters.  A  pivoted  iron  disk  is  placed  between  two  curved 
pole-pieces  of  laminated  iron,  each  of  which  is  furnished  with 
retarding-rings  of  copper. 


694  DyfiamO'Electric  Alacktnery. 


CHAPTER  XXVI. 


TUANSFORMEUS. 


Whenever  electric  energy  is  to  be  ti-ansmitted  to  a  distance, 
considerations  of  economy  dictate  that  high  voltages  ^  shall 
be  employed.  On  the  other  hand,  considerations  respecting 
safety  to  person  as  well  as  those  respecting  the  pressures 
suitable  for  lamps,  dictate  that  the  voltage  at  which  the  energy 
should  be  supplied  to  the  consumer  should  be  comparatively 
low,  or  from  100  to  200  volts  at  the  most.  Hence  devices  are 
required  which  shall  receive  the  currents  at  high  pressure  from 
the  feedera  or  main  lines,  and  shall  transform  the  energy  so 
as  to  give  out  larger  currents  at  lower  pressures.  Such  devices 
are  called  transformer9.  Notes  on  the  history  of  transformers 
were  given  in  the  previous  edition  of  this  work. 

*  This  is  fully  explained  in  Chapter  XXVIII.  on  Ti*ansm!s8ion  of  Energy, 
but  may  be  briefly  recapitulated  here.  It  must  be  remembered  that  the 
energy  supplied  per  second  is  the  product  of  two  factors,  the  cuiTent  and 
the  piessure  at  which  that  current  is  supplied,  or  in  our  notation, 

g  C  =  electric  energy  per  second  (In  tca//.s'). 

The  magnitudes  of  the  two  factors  may  vary,  but  the  value  of  the  power 
supplied  depends  only  on  the  product  of  the  two  ;  for  example,  the  energy 
furnished  per  second  by  a  current  of  10  amperes  supplied  at  a  pressure  of 
2000  volts  is  exactly  the  same  in  amount  as  that  furnished  per  second  by  a 
current  of  400  amperes  supplied  at  a  pressure  of  50  volts  ;  in  each  case  the 
product  is  20,000  watts.  Now  the  loss  of  energy  that  occurs  in  transmission 
through  a  well-insulated  wire  depends  also  on  two  factors,  the  current  and 
the  resistance  of  the  wire,  and  in  a  given  wire  is  proportional  to  the  square 
of  the  current.  In  the  above  example  the  current  of  400  amperes,  if  trans^ 
mitted  through  the  same  wire  as  the  lO-ampere  current,  would,  because  it  is 
forty  times  as  great,  waste  sixteen  hundred  times  as  much  energy  in  heating 
the  wire.  Or,  to  put  it  the  other  way  round,  for  the  same  loss  of  energy  one 
may  use,  to  carry  the  10-ampere  current  at  2000  volts,  a  wire  having  only 
Ti^th  of  the  sectional  area  of  the  wire  used  for  the  400-ampere  current  at 
50  volts.  The  cost  of  copper  conductors  for  the  distributing  lines  is  there* 
fore  very  greatly  economized  by  employing  high  pressures,  and  using  step- 
down  transformers  to  reduce  the  pressure  to  that  needed  for  the  lamps. 


Transformers.  695 

For  tranBtorming  continuous  currents  a  revolving  apparatua 
IB  required  eonsbtdng,  in  principle,  of  a  motor  (driven  by  the 
incoming  or  primary  current)  driving  a  generator,  which 
induces  a  secondary  current  at  the  desired  (low)  pressure. 
Such  combinations,  known  as  m<i(or^enerator«,  are  specially 
Qonsidered  in  the  next  chapter. 

Fortransformingaltemating  currents  (whether  single-phase 
or  polyphase)  all  that  ia  needed  is  a  stationary  apparatua  con- 
sisting of  a  suitable  core  of  laminated  iron  with  primary  and 
secondary  coils  wound  upon  it— in  fact  an  induction  coiL 
These  alternate-current  tranaformert  form  the  subject  of  Uw 
present  chapter. 

Gbnekal  Notions  about  Alternatb-current 
Trausformers. 

The  simplest  and  earliest  form  of  transformer  was  the  iron 
ring  of  Faraday,  Fig.  488,  upon  which  he  wound  two  coils,  a 


primary  and  a  secondary.  In  elementary  treatises  on 
electricity  it  ia  explained  how  an  electromotive-force  is 
induced  in  the  secondary  whenever  the  primary  current  ia 
inci-easing  or  diminishing,  because  the  magnetic  lines  made 
in  the  iron  core  by  the  primary  current  tliread  through  the 
secondary  coil  and  act  inductively.  The  same  thing  occuis 
in  the  form  shown  in  fig.  484,  where  the  two  coils  are  wound 
one  outside  the  other  upon  a  straight  core  of  iron  wires. 
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An  alternating  transformer  may  be  regarded  as  a  species 
of  dynamo,  in  which  neither  armature  nor  field-magnet  i*e- 
Yolve,  but  in  which  the  magnetism  of  the  iron  circuit  is  made 
to  vary  through  rapidly  repeated  cycles  of  alternation,  by 
separately  exciting  it  with  an  alternating  current*  The  pri- 
mary  coil  of  the  transformer  corresponds  to  the  field-magnet 
coil  of  the  dynamo ;  the  secondaiy  of  the  transformer  to  the 
armature  coil  of  the  dynamo. 

If  an  alternating  current  having  a  frequency  of  n  periods 
per  second  be  sent  into  either  of  the  coils  there  will  be  set  up 
in  the  other  coil  an  alternating  electromotive-force  having  the 
same  frequency,  because  the  iron  core  is  undergoing  an 
alternating  magnetization  also  of  n  cycles  per  second.  The 
effect  on  the  second  circuit  is  the  same  as  if  the  magnetized 
iron  core  were  being  plunged  into  and  removed  from  the 
second  coil  n  times  per  second. 

Our  fii-st  step  shall  then  be  to  calculate  the  electromotive- 
force  induced  in  a  coil  of  any  given  number  of  turns  by  an 
alternating  magnetic  flux  in  the  core  within  it.  Let  S  be  the 
number  of  spirals  or  turns  in  the  coil,  and  W  the  maximum 
value  of  the  flux  in  the  core.  Suppose  that  the  changes  of 
the  flux  follow  a  sine  law  we  may  then  write  for  the  value  of 
the  flux  at  time  t  after  the  maximum  has  occurred, 

Nf  =  N  cos  2  ff  71  f . 

But  the  electromotive-force  in  any  one  turn  is  proportional  to 
the  rate  at  which  N  is  changing,  or  to  <i  N  \  dU  Further,  we 
must  multiply  by  S,  and  divide  by  10®  to  bring  to  volts. 
Performing  the  differentiation  we  get 

Et  =  2rnS  N  sin 2 ?rn e -T- 109. 

The  virtual  value  of  this  electromotive-force  is  obtained  by 
substituting  for  sin  2  :r  n  ^  its  square-root-of-mean-«quare  value 
namely  i/\  giving  us 

E  =  4-45«S  N  +10®- 
This  formula  is  fundamental  in  transformer  calcnlatioos. 
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^Pttmary     I     SecaruLary 


Now  consider  a  simple  magnetic  circuit,  having  wound  on 
it  a  primary  coil  of  S  ^  turns,  and  a  secondary  coil  of  S^  turns* 
We  may  conceive  it  like  Fig.  485 ;  but  to  avoid  complications 
at  first,  we  will  suppose  that  there  is  no  magnetic  leakagOf 
that  is  to  say,  all  the  magnetic  lines  created  by  the  current  in 
the  primary  coil  thread  through  the  secondary  coil.  The 
impressed  electromotive- 
force  applied  to  the  ter- 
minals of  the  primary 
coil  sets  up  a  primary 
current  which  produces 
an  alternating  magnetic 
flux,  and  this  alternat- 
ing flux  in  turn  induces 
electromotive-forces,  not 
only  in  the  secondaiy  coil  but  also  a  back-electromotive-force 
in  the  primar3\  These  two  induced  electromotive-forces  will 
be  strictly  proportional  to  the  respective  numbers  of  turns, 
and  absolutely  in  phase  with  one  another.  We  may  write 
them 


Fio.  485. — Elementary  Transformer. 


E, 


4-45  n  S,  N  -*- 108, 
4-45  «  S,  N -5- 10*; 


we  have,  therefore, 


El 


IS* 


Tbis  ratio  !s  called  the  ratio  of  tranisformation^  and  is  ia  this 
chapter  denoted  \xy  k. 

Two  main  cases  now  arise  for  consideration :  (i.)  when  the 
secondaiy  circuit  is  open ;  (ii.)  when  the  secondaiy  circuit  is 
closed  on  a  load  of  lamps  or  other  resistance. 

If  the  secondary  circuit  is  open,  though  electromotive- 
force  may  be  induced  in  it  there  will  be  no  secondary 
current,  and  therefore  no  reaction  of  any  kind  due  to  this 
coil.  It  might  as  well  be.  absent.  The  only  reaction  will  be 
that  of  the  primary  coil  on  itself*  As  in  a  motor  running 
light,  so  in  the  transformer  at  no  load,  the  back-electromotive- 
force  will  be  almost  equal  to  the  impressed  electromotive- 
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force.  The  latter  must  be  slightly  greater,  for  there  must 
be  enough  volts  unbalanced  to  drive  the  requisite  small 
magnetizing  current  through  the  internal  resistance  of  the 
primary  coils ;  as  thei'e  are  hj'steresis  and  eddy-current  losses 
they  also  must  be  provided  for  by  a  small  additional  primary 
current.  But,  save  for  these,  the  whole  action  of  the  primary, 
when  the  secondary  is  open,  is  that  of  a  choking  coil^  and  the 
induced  electromotive-force  Ej  will  be  in  almost  exactly 
opposite  phase  to  the  primary  current. 

Now  pass  to  the  case  where  the  secondary  is  closed  upon 
a  load  of  lamps  or  other  resistance.  We  will  suppose  this 
resistance  to  be  for  the  present  a  simple  non-inductive 
resistance.  There  will  be  a  secondary  current  in  phase  with 
the  induced  electromotive-force  £2?  therefore  in  phase  also 
with  E^,  therefoi-e  in  almost  exact  opposition  of  phase  to  the 
primary  current.  When  the  primary  is  rising  to  its  maxi- 
mum, the  secondary  will  also  be  rising  to  its  maximum,  but 
flowing  the  opposite  way  round.  While  the  primary  is 
magnetizing  the  secondary  is  demagnetizing  ;  and  it  is  clear 
that  the  magnetic  flux,  on  which  the  counter-electromotive 
force  in  the  primary  depends,  cannot  be  as  great  as  before 
unless  more  current  flows  from  the  primary  source.  In  fact, 
more  current  will  of  itself  flow  in  the  primary  because  of  the 
demagnetizing  effect  of  the  secondary  cun^ent.  The  effect  of 
the  presence  of  the  current  in  the  second  circuit  is  then  to 
unchoke  the  primary.  The  primary  coil  now  acts  not  as  a 
choking  coil  to  dam  back  the  primary  current,  but  as  a 
working  coil,  inducing  current  in  the  secondary  by  flowing 
sufficiently  strong  to  keep  up  the  alternating  magnetic  flux 
in  spite  of  the  demagnetizing  tendency  of  the  secondary 
current.  If  only  half  the  lamps  are  on,  then  the  primary  will 
act  partly  as  a  choking  coil  and  partly  as  a  workirg  coil.  If 
the  primary  impressed  volts  are  kept  constant,  the  secondary 
volts  at  the  terminals  of  the  lamp  circuit  will  be  nearly 
constant  also ;  and  the  apparatus  becomes  beautifully  self- 
regulating,  more  current  flowing  into  the  primary  of  itself 
when  more  lamps  are  turned  on  in  the  secondary  circuit. 

The  elementary  theory  of  this  simple  case  of  a  traod* 
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former  without  leakage,  working  on  a  non-inductive  load  of 
lamps,  is  quite  easy.  Adopting  the  same  notation  as  used  for 
motors  and  dynamos,  write  S  for  the  volts  of  supply  as 
measured  at  the  primary  terminals,  and  e  as  the  volts  at  the 
secondary  terminals.  Let  Tx  be  the  internal  resistance  of 
the  primary  and  t%  that  of  the  secondary.  Call  the  ratio  of 
transformation  A:  =  Sj  /  S,  =  Ej  /  Ei.  Since  (apart  from 
small  hysteresis  losses,  hei*e  neglected)  the  work  done  hy  the 
fluctuating  magnetism  of  the  core  is  equal  to  the  work  done 
on  it,  we  may  further  write  £1  Ci  =  Es  Ct ;  whenoe  it  follows 
that  Ci  =  Ct  /  Ar.  The  volts  lost  in  the  primary  are  rid ;  those 
in  the  secondary  rtCf    Hence  we  may  write 

g  =  El  4  Ti  Ci, 
^  =  E.-r,C 

Writing  the  first  of  these  as : 

El  =  S— rA  s=  S— rA/*, 

« 

and  inserting  Ei  /  £  for  Es  in  the  second  equation,  and  Sdfasti* 
tuting,  we  get 

which  shows  that  everything  goes  on  in  the  secondary  as 
though  the  primary  had  been  removed,  and  we  had  substi* 
tuted  for  S  a  portion  of  it  proportional  to  the  number  of 
windings,  and  at  the  same  time  had  added  to  the  internal 
resistance  an  amount  equal  to  the  internal  resistance  of  the 
primary  reduced  in  proportion  to  the  square  of  the  number  of 
windings. 

EteampJc— In  a  MopdeyH  kilowatt  transformer,  Si  -  800  ;  S,  -  12;  Tx  - 
10  ohms;  r,  -  0*014  o^im;  g'-  1000;  find  e  when  C,  -  SOamperes.  Here  I; 
>i  25,  so  that  on  open  drcult  the  secondary  volts  would  be  exactly  f^  of  the 
primary  volts,  or  40  volts.  But  working  out  by  the  formula  for  the  ontpm 
of  86  amperes  the  terminal  volts  0  drop  to  38"92. 
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Construction  of  TBANSFOB3f£RS. 

The  function  of  the  core  is  to  cany  the  magnetic  lines  that 
are  created  bj  the  circulation  of  surrounding  currents,  and  to 
excite  inductive  actions  in  those  coils.  It  is  therefore  obTious 
that  in  the  construction  of  a  transformer  the  core  must  have  a 
sufficiently  great  sectional  area ;  further,  that  its  shape  ought 
to  be  such  that  all  the  magnetic  lines  created  by  the  primary 
coil  shall  pass  without  leakage  through  the  aperture  of  the 
secondaiy  coil ;  and  to  accomplish  this  the  magnetic  circuit 
ought  to  be  a  closed  circuit  of  compact  form,  and  with  as  few 
joints  as  possible.  If  there  is  magnetic  leakage,  so  that  some 
of  the  lines  made  by  the  currents  in  one  of  the  coils  do  not 
thread  through  the  other  coil,  then  each  coil  will  tend  partially 
to  choke  its  own  currents,  and  the  drop  in  volts  at  full  load 
will  ]je  greater  than  that  which  results  (as  above)  merely  from 
internal  resistances.^  To  avoid  inductive  drop  then,  we 
must  use  such  a  construction  that  there  is  a  minimum  tendency 
to  magnetic  leakage.  It  is  also  important  to  keep  the  form  of 
the  magnetic  circuit  as  compact  as  possible,  so  that  the 
necessary  magnetic  flux  may  be  attained  with  as  few  ampere- 
turns  as  possible.  If  by  avoiding  joints  and  gaps  in  the 
magnetic  circuit,  by  using  the  most  permeable  iron,  by  having 
the  length  of  path  along  the  circuit  as  short  as  may  be,  and 
by  having  a  sufficient  cross-section  of  iron,  the  magnetic 
reluctance  is  kept  low,  then  a  very  small  magnetizing  current 
will  be  needed.  This  is  of  great  importance  in  all  trans- 
formers that  are  to  be  used  for  light  all-day  loads. 

For  high-efficiency  transformera  it  is  also  necessary  to 
avoid  those  kinds  of  iron  that  have  much  hysteresis  (p.  187), 
and  to  use  sheets  so  thin  (about  0*5  millimetre  or  -^^  inch  is 
the  usual  limit)  that  eddy-current  losses  are  kept  small. 

1  Another  way  of  stating  this  result  is  as  follows  : — As  will  be  shown  at 
the  end  of  this  chapter,  the  effect  of  there  being  a  coefficient  of  mutual  in- 
duction between  two  circuits,  is  to  diminish  the  self-induction  of  each  of  them 
separately  ;  or  if  their  convolutions  are  wound  around  the  same  core,  in 
geometrically  identical  relations,  the  effect  of  the  mutual  induction  is  to 
wipe  out  the  separate  self-inductions.  Any  unbalanced  self-induction  in 
either  circuit  will  necessarily  tend  to  make  that  circuit  act  as  a  choklng- 
coil;  and  any  magnetic  leakage  will  act  as  an  unbalanced  self-induction. 
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As  a  further  constructional  point  it  is  not  unimportant  to 
choose  such  forms  ns  will  pei-mit  the  coils  to  be  wound  in  a 
lathe,  and  to  be  mounted  and  dismounted  without  undue 
labor. 

Return  now  to  Fig.  488  which  depicts  Fai-aday's  ridg- 
transformer.  Its  iron  core  waa  not  laminated ;  and  the 
placing  of  the  two  coils  wns  such  that  there  was  a  great 
tendency  to  magnetic  leakage  across  the  ring  from  top  to 
bottom.  Two  obvious  improvements  are  (1)  to  make  the 
core  of  wire  or  washei-s ;  (2)  to  wind  the  primary  and  secondary 
coils  in  sections,  sandwiched  between  one  another,  as  iu 
Fig.  486. 


na.  486.— RiNo  Tra»8f>orxkb, 
WITH  Sandwiched  C011& 

F»0.  4B7.— Vahlst^  Clobkd- 
ciBcurr  Trahstorueb. 
Now  tura  to  Fig.  484,  p.  695,  which  depicts  the  cylindrical 
type  of  induction  coil,  also  used  by  Famday,  further  developed 
by  Callan,  Masaon  and  Ritchie,  and  perfected  for  spark 
purposed  by  liuhmkoi'ff.  It  has  a  bad  magnetic  circuit ;  for 
the  magnetic  lines  will  have  to  find  tlieir  return  paths  through 
thesnrroundingair:  it  will  take  a  relatively  liii'ge  magnetizing 
current,  and  there  will  be  some  leakage,  through  not  quite  as 
much  as  if  the  two  coils  had  been  wound  separately  on  the 
two  ends  of  the  core  instead  of  over  ona  another.  Fig,  487 
depicts  a  form  due  to  Varley,  which  is  an  obvious  improve- 
ment) the  m^netic  circuit  being  much  better  closed.     The 


702  Dynamo- EUctric  Machinery. 

modern  Pjke  and  Solomons  transformer  is  like  this,  but  haa 
the  coils  sandwiched  along  the  core.    The  Ferranti  trans- 
fonner,  Fig.  499,  also  resembles  this  form,  but  has  its  core  of 
ribbons  of  sheet  iron.     If  we  imagine  the  two  coils  made  quite 
short  and  set  side  by  side  on  the  core,  the  elongated  form  of 
Fig.  487  might  be  reduced  to  the  squat  shape  of  Fig.  488, 
which  is  a  form  inti-oduced  by  Zipemowsky.    The  pnmaty 
and  secondary  coils  are  first  laid  upon  one  another,  and  the 
iron  core  is  ttien  wound  through  and  over  them  by  a  shuttle, 
BO  that  the  whole  of  the  copper  is  enclosed  within  the  iron.     &i 
the  drawing  (Fig.  488),  the  front  portion  of  the  iron  winding 
is  represented  as  removed  to  show  the  interior.     Mr.  Kapp  has 
proposed   the   name  of  *'  shell-trans- 
formers "  for  this  type  of  apparatus 
as    distinguished   from   those   with 
a  mere  straight  or  a  non-expanded 
internal  core,  which  he  calls  "  core- 
transformers."   But  the  two  types 
run  into   one  another.      All   shell- 

_      ,„ ,     transformers   have    a   core,  and  all 

Flo.  48.— SZh'ernowsky's  ,  .^  .       ,  ,        . 

SHELi^TRANaroRMER.  corc-trausformers,  if  they  have  closed 
magnetic  circuits  at  all,  have  some 
portion  of  iron  returning  outside  the  windings  ;  so  it  is  only 
a  question  of  detail  how  far  tliis  return  portion  is  spread  out 
as  a  shell.  It  is  certain  that  excellent  transformers  are  made 
in  accordance  with  both  exti-emes  of  type. 

Types  of  Modem  Transformers. — Modern  transformers, 
almost  without  exception,  have  cores  built  up  of  thin  sheet 
stampings.  The  forms  shown  in  Figs.  489  and  490  are 
typical  of  a  class  in  which  the  stampings  when  assembled 
constitute  a  long  central  core  and  an  external  shell;  with  two 
long  apertui-es  to  receive  the  coils.  Different  firms  build  up 
.  the  stampings  differently,  and  wind  the  coils  in  different 
ways. 

To  avoid  waste  of  material  Mordey  introduced  the  method 
shown  in  Fig.  490,  where  the  cross-pieces  that  form  the  core 
are  simply  the  rectangular  portions  stamped  out  of  the  external 
plates  that  form  the  shell.     If  the  external  dimensions  of  the 
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shell-plate  are  6  by  4  inohes,  the  core-plates  will  be  4  bj 
2  inches,  and  each  of  the  windows  will  be  2  by  1  inches. 
These  pieces  are  interlaced  as  shown,  being builtup,hoveTeit 


Fios  489  and  4M.— Cob«-pi^TKS  of  TrawbfOBMBBS  (Wertinghoase 
and  Mordey). 

around  the  coils  (not  shown  in  Fig.  490)  which  are  previously 
wound  upon  a  light  rectangular  former  A,  Fig.  491,  made  of 
hard  wood  steeped  in  ozokerit. 

Fig.  492  shows  in  diagram 
four  different  ways  of  disposing 
the  primary  and  secondary  wind- 
ings in  the  space  available  in 
the  apertures.  Apart  from  an 
allowance  for  the  small  extra 
amount  of  primar)'  current  for 
magnetising     the   quantities  of  MoRDEY^^Ti^Nsr^EMER 

copper  needed  for    primary  and  (TransTenw  Section). 

secondary   are  equal  (for  mini- 
mum heatrwaste  and  drop) ;  for  if  the  secondary  wire  has 

only  J- as   many  turns  as  the  primary  it  will  have  to  carry  * 

times  as  much  current,  and  therefore  require  a  section  k  times 
as  great.  It  is  usual  to  make  the  primary  of  a  round  wire 
well  insulated,  and  the  secondary  of  insulated  copper  ribbon 
or  rectangular  strip.  And  as  the  insulation  of  the  fine  primary 
wire  takes  up  a  relatively  greater  space,  the  total  space  left  for 
the  primary  is  greater  than  that  for  the  secondary.  Owing  to 
the  conditions  of  imperfect  ventilation  a  high  amperage  cannot 


704  Dynanto-Eleciric  Machinery. 

be  used  ;   a  current-density  of  500  amperes  per  square  inch 
being  considered  rather  high.     (Refer  to  table,  p.  371). 

In  Figs.  493, 494  and  495  are  depicted,  without  showing  the 
jointing  of  the  cores,  three  types  of  construction  now  most  in 
YOgue-  The  first  of  these  is  the  long  shell  type  just  dis- 
cussed ;  with  its  exceedingly  compact  magnetic  circuit  and 


Fig.  493. — V.4fii0DB  Modes  of  DlSPOSmo  Tran~sfobiier  Wdidinos. 

its  elongated  coils  built  on  a  special  frame.  The  second 
represents  a  type  used  by  the  Oeil ikon  Co.  (compare  Fig.  496) 
having  a  long  core  over  which  the  coils,  wound  in  cylindrical 
shapes  on  bobbins,  can  be  slipped,  the  shell-yokes  being  then 
added,  being  furnished  with  faced  joints.  This  feature  of 
placing  the  windings  cylindrically  over  one  another  upon  a 
long  core  is  found  excellent  for  avoiding  leaki^e  and  induc- 
tive drop,  and  it  therefore  gives  good  regulation.  As  will  be 
noticed,  an  approximation  to  cylindrical  foiTu  is  procured  by 


Transformers.  705 

use  of  graduated  sizes  of  core-plates.     The  fioe-wire  higb- 
votti^e  winding  is  divided  into  two  parts  for  the  purpose  of 
keeping  far  apart  the  portions  which  differ  greatly  in  poten* 
tial ;  and  tlie  winding  is  coned 
at  its  ends  so  as  to  obviate 
the   us«  of   bobbin   cheeks ; 
insulation  in  oil  or  air  being 
better    without    them    than 
with  them. 

The  transfonner  now 
built  by  Brown,  Boveri  & 
Co.   has   a   similar    internal  Fia498. 

core,  over  which,  on  a  paper 

cylinder,  is  slipped  the  secondai-y  winding  of  copper  strips,  and 
over  this  again  the  primary  winding  in  two  coned  coils:  but 
the  yoke  part  is  not  in  two  portions  as  in  Fig.  496,  but  in  one 
of  double  section  fitting  by  faced  joints. 

The   form   represented   in   Fig.   495   is   that   adopted  by 
Messrs  Johnson  and  Phillips,  originally  from  the  designs  of 


FlQ.  4M.  FlO.  405. 

Mr.  Kapp,  and  may  be  described  as  an  improved  Faraday 
ring.  Dobrowolsky  emploj-s  a  kindred  pattern.  Plate  XIX. 
gives  drawings,  the  material  for  whicli  was  principally 
furnished  by  Messre.  Johnson  and  Phillips,  who  have 
patented  several  improvements.  The  cores  as  shown  in 
that  plate  are  butlt  up  of  varnished  plates  of  graduated 
45 
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tBset,  BO  that  the  aection  of  each  limb  ia  approximately 

octagonal.    The  cores  are  Berved  with  tape  and  coated  with 

■hellac  Tarnish.    The  stampings  are  in  rectangular  strips 

imbricated  at  the  joints,  and  secured 

by   insulated   bolts.      Sleeves   of  in-  I 

sulating  material  receivB   the  coils,  ; 

which   being  cylindrical   are   slipped 

over  one  another  on  the  longer  limbs 

of  the  core.     Afterwards  when  placed 

concentrically  on  the  core,  sheet  ebo 

site  ia  interposed  between  them ;  the 

fine-wire   primary  lying  outside   the 

secondary.      A    cast^ron   watertight 

case  encloses  the  whole. 

Fig.  498  illustrates  the  so-called 
"Hedgehog"  transformer  of  Swinburne,*  having  as  core 
a  bundle  of  iron  wires  which,  after  receiving  tlie  copper 
coils,  aro  spread  out  at  their  ends  bo  as  to  reduce  the 
magnetic  reluctance,  which  is  in  any  case 
great,  the  magnetic  circuit  being  an  open 
one.    It  was  supposed  to  be  more  efS- 
cient,  as  the  weight  of  iron  is  so  small, 
reducing  the  eddy-current  and  hysteresis 
losses.      But    owing  to   its    incomplete 
magneto  circuit  it  requires  a  very  large 
magnetizing  current,  and  therefore  at  low 
loads  wastes   a  disproportionate   amount 
of  energy  in  the   primary   mains.     It  is 
now  generally  agreed  that  closed-circuit 
forms  are  preferable :  they  have  the  further 
advant^e  of  an  entire  absence  of  waste 
from   eddy-currents   in   the   copper  con-  ^ja.  «8.' 

ductors,  however  massive.  BwntBUBKs^ 

Ferranti's  transformer   (Fig.   499)  for 
extra  high  pressure  work,  has  a  core  made 
of  a  large  number  of  thin  strips  of  iron,  which  pass  ver* 
tfoally  np  through  the  middle  of  the  copper  coils,  and 

I  Jovmal  InaU  Electr,  Engineen,  xx.  183,  1891. 
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are  bent  roand  below  and  above  on  each  side,  and  interlapped 
BO  as  to  complete  the  magnetic  circuit.  The  coils  are  made 
of  copper  strip,  very  carefully  insulated,  and  compacted  to- 
gether in  sections  by  insulating  material.  There  are  three 
coils  thus  built  up,  tbe  innermost  being  a  portion  of  the 


Fia.  499.— Febsanti's  Transformer, 

pnmary,  outside  this  the  secondary,  and  outside  this  again  the 
rest  of  the  primary.  Sheets  of  ebonite  are  interposed  in  the 
spaces  between  these  coils,  so  as  to  prevent  sparking  across 
from  the  high-pressure  coils,  Tiiere  is  also  room  for  mr  ven- 
tilation in  the  vertical  spaces  where  these  sheets  of  ebonite 
are  wrapped  round  between  the  three  piles  of  coils. 

PJutse-reiatKyns  in  Transformers. — Keeping  in  mind  always  as 
the  chief  consideration  in  the  operation  of  a  traneformer,  the 
alternating  magnetic  flux  in  the  core,  we  must  next  study  the 
relations  to  it  of  the  other  quantities.  It  may  be  remarked  that 
in  a  system  of  supply  at  constant  voltage,  this  flux  scarcely 
varies  between  no  load  and  full  load.    As  in  a  compounded 
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dynamo,  so  in  a  regulated  transformer,  to  keep  the  volte  at  the 
terminalB  of  the  lamp-circuit  constant  needs  at  full  load  an  in- 
crease of  but  2  or  3  per  cent,  in  the  magnetic  flux  to  compensate 
for  the  drop.  To  simplify  matters  we  will  suppose,  however, 
that  a  drop  is  allowed  to  occur,  but  that  the  flux  always  alter- 
nates around  the  same  cycle.  Also,  for  simplification,  suppose 
the  ratio  of  transformation  to  be  =  1,  so  that  ampere-turns  in 
each  coil  may  be  plotted  to  same  scale  as  amperes.  For  any 
other  ratio  it  will  at  any  time  be  easy  to  substitute  any  given 
value  of  the  ratio  A;.  Then  Ei  =  S|,  and  both  are  at  right  angles 
to  the  line  N  O  N,  Fig.  500,  which  on  the  clock  diagram  repre- 
sents the  time  when  the  flux  is  at  its  maximum  in  either  direc- 
tion. Ck>n8ider  first  the  case  of  no  load  ;  then  the  only  current 
will  be  that  in  the  primary,  and  if 
there  were  neither  hysteresis  nor 
eddy-currents  in  the  core  it  would 
be  an  entirely  watt-less  current,  in 
quadrature  with  the  primary  im- 
pressed volts,  but  in  phase  with 
flux.  Let  the  value  of  this  nio^- 
netizing  current  C^  be  represented 
by  the  line  O  C«».  But  as  hystere- 
sis and  eddy-currents  put  a  small 
load  upon  the  transformer  there 
will  necessarily  be  a  small  com- 
ponent of  current  Cp  in  phase  with 
the  volts.  This  may  be  repre- 
sented by  the  line  O  Cp.  The 
actual  no-load  current  will  be  the 
resultant  of  O  C«  and  O  Cp, 
namely  O  C^.  The  power  factor  at 
no  load  will  be  the  ratio  of  the  true 
watts  to  the  apparent  watts,  or  is 

Cp  -T-  Co-  To  furnish  the  small  electromotive-force  O  v  requisite 
to  drive  the  current  C©  through  internal  resistance  of  the  primary, 
the  impressed  primary  volts  must  have  a  magnitude  and  phase, 
such  that  O  &  shall  be  the  resultant  of  O  Ei  and  O  v.  But  as  the 
no-load  current  is,  say,  only  3  per  cent,  of  the  full  current,  and 
as  the  primary  lost  volts  at  full  load  will  not  be  more  than  2  per 
cent.,  O  V  will  not  be  more  than  about  n^of  O  Ei,  and  the  differ- 
ence of  phase  between  O  g  and  O  Ei  will  be  insignificant.. 

At  full  load  the  phase  relations  are  somewhat  different,  and 
they  differ  according  to  whether  the  load  on  the  secondary  cir- 
cuit is  a  plain  resistance,  or  as  to  whether  it  is  inductive,  causing 
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a  lag  of  the  secondary  current  behind  Es.  If  we  consider  the 
latter  case  it  will  be  easy  to  see  what  difference  the  absence  of 
self-induction  would  make.  As  before,  take  for  reference  the 
phase  of  the  flux,  and  work  backwards  to  find  the  relative  phase 
of  the  impressed  primary  volts.  The  secondary  induced  electro- 
motive-force Eg  will,  as  before,  be  at  right  angles  to  N  O  N. 

Now,  if  there  is  inductance  in  the  secondary,  as  well  as  resist- 
ance, there  will  (see  p.  563)  be  a  lag  such  that  tan  ^  =p  L^  -r  B, ; 
and  the  effective  volts  Rg  O*,  that  drive  the  secondary  current 
through  the  resistance,  will  be  got  by  the  construction  in  the 

lower  part  of  Fig.  501.  The 
length  O  Cs  may  be  taken  as 
the  effective  secondary  volts  ; 
and  the  actual  volts  at  termi- 
nals e  might  be  found  by  de- 
ducting from  O  Cs  a  short 
length  to  represent  the  lost 
volts  r%Q>^.  The  secondary 
current  also  will  be  repre- 
sented in  phase  by  O  Cj,  and 
by  a  suitable  change  of  scale 
O  Cs  might  also  represent  it 
in  magnitude.  Producing 
O  Ca  backward  to  an  equal 
length,  and  compounding  this 
line  with  O  Co  (the  no-load 
current)  we  get  O  Ci  to  rep- 
resent, according  to  scale 
chosen,  either  the  primary 
current  or  the  primary  am- 
pere-turns. Along  the  same 
line  we  take  the  part  O  t?  to 
represent  the  volts  needed  to  drive  this  current  through  the  mere 
resistance  of  the  primary  windings.  We  shall  now  have  to  com- 
pound O  V  with  the  counter  electromotive-force  O  Ei  induced  in 
the  primary  by  the  core  ;  and  at  the  same  time  we  must  take 
into  account  the  unbalanced  self-induction  in  the  primary  (if 
any)  by  drawing  a  line  x  §  (=:p  Lj  Ci)  at  right  angles  to  O  C,. 
This  gives  as  the  final  resultant,  showing  required  magnitude 
and  phase  of  the  impressed  primary  volts,  the  line  O  S.  Consid- 
eration of  the  diagram  will  show  that  the  smaller  the  no-load  cur- 
rent the  more  nearly  would  Ci  and  Cg  be  in  complete  opposition 
of  phase  ;  also  that  self-induction  in  the  primary  throws  the 
phase  of  Ei  behind  S,  and  that  self-induction  in  the  secondary 
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throwsC^  behind £«,  hence  leakage,  which  throws  self-induction 
into  both  circuits,  tends  to  shift  the  tines  O  S  and  O  C,  nearer  to 
one  another. 

The  actual  performance  of  transformers  has  been  carefully 
examined  by  Prof.  H.  J.  Kyan,'  who  has  plotted  out  curves  to 
show  the  forms  and  phases  of  the  several  varying  quantities. 
The  transformer  used  was  a  small  one  of  600  watte  capacity, 
adapted  for  transforming  down  from  1000  to  60  vulte.  the  num- 
oer  of  windings  being  675  in  the  primary,  and  35  in  the  secondary 
coil.  The  volume  of  laminated  iron  was  about  2050  cubic  cm. 
Hie  mean  length  of  the  maguetic  circuit  was  30-6  cm.  and  mean 


Fig.  603.— TRAJ4HFORMKR  CDBVES  ON  OPXN  CmCCtT. 

cross  section  63-3  sq.  cm. ;  the  frequency  used  was  138.  FigSL 
S02,  503  and  504  show  the  results.  It  will  be  noted  that  although 
the  primary  current  curve  differs  widely  from  a  curve  of  sines 
(especially  at  light  loads),  nevertheless  the  curve  of  secondary 
volte  is  much  more  nearly  like  a  sine  curve  ;  and  it  is  always  in 
almost  exact  opposition  of  phase  to  the  curve  of  primary  volts. 

■^tnn-.  tMt.  Electrical  Engineers,  1889  and  iBM.  See  also  Electrical 
World,  xlv.  410,  Dec.  28,  1889,  and  xjI.  10,  July  25, 1890  ;  also  The  Eleetri- 
elan,  ulv.  203,  ftnd  xkv.  313, 1890 ;  alsu  La  Lumiire  titetHque,  xxiv.  233, 
1S90.  See  bIm  an  appendix  paper  by  Messrs.  Hiirophrey  and  Powc'.  ia  Eleo- 
Meal  World,  xvi.  11,  1890,  and  The  Electrician,  xxv.  280,  180a 
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In  a  second  paper  Ryan  shows  that  the  loss  of  energy  by  eddy- 
currents  is  less  when  the  core  is  hot  than  when  it  is  cold.  The 
curiout^  form  assumed  by  the  current  curve  is  due  solely  to  the 
properties  of  iron.  If  the  impressed  primary  volts  follow  a  sine 
law,  that  of  the  magnetizing  current  and  of  the  primary  current 
at  low  loads  will  obviously  not  have  the  same  form  unless  the 
permeability  were  constant.  At  that  stage  of  things  when  per- 
meability 13  increasing  with  the  flux-density  (i.  e.  when  B  is  be- 
tween 1000  and  6000,  see  Fig.  92),  the  current  need  not  increase 
BO  fast  afi  to  conform  to  the  sine  curre  ;  but  at  the  stage  when 


FlS  603. — Transporher  Curves  at  Hau  Load. 

the  permeability  is  decreasing  while  B  is  increasing  <L  e.  when  B 
has  passed  8000),  t)ie  current  must  increase  more  rapidly  than 
would  conform  to  the  sine  curve.' 

Ej^xnency  of  Transformers. — It  has  been  found  independently 
by  Steinmetz,  by  Fleming  and  by  Wedding  that  the  efficiency 
of  a  given  transformer  depends  to  some  extent  upon  the  form  of 
the  electromotive-force  impresoed  by  the  ^nerator,  a  peaked 
form  giving  a  higher  efficiency,  a  flat-topped,  square-shouldered 
form  giving  a  lower  efliciency  than  a  pure  sine  curve.    The  rea- 

'  See  Hyan  and  Herritt,  ForUnbaugh  and  Sawyer.  Major  Hlppialey, 
Prve.  Roy-  Soe~.  1802,  lil.  2B5 ;  Fleming,  "  Delineation  of  Alteroating 
Current  Curres,"  Electricicm,  1895,  xxxiv.  607  ;  Rlmington,  E,  C.  "Aller- 
nate  Current  when  E.  M.  F.  is  of  a  zlg-jiag  wave  type."  PAy»,  Reeiew,  UL 
100  (ISft-i). 
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BOif  depends  on  the  fact  that  the  hyatereeia  losses  increase  dispro- 
portionately with  the  higher  fluz-densities.  For,  since  the  value 
of  the  Tolts  at  any  instant  depends  on  the  rate  of  change  in  the 
magnetic  flux,  a  square-shouldered  volt  curve  will  imply  a  b^h- 
peaked  curve  of  flux-density,  and  vice  vera<t.  Dr.  Roessler,  in  a 
recent  investigation'  on  this  subject,  found  that  at  no  load  the 
primary  winding  when  the  volts  followed  a  sine  law  absorbed 
IB  times  as  much  energy  as  when  a  peak  wave  was  used.  He 
pointed  out  that  one  objection  to  the  peaked  wave  was  that  it 
put  a  greater  stress  upon  the  insiUation  than  a  sine  wave  of  the 
same  virtual  value, 
llany  discussions  have  arisen  over  the  curves  of  transformers 


Fro,  604.— Traksforker  Cchvbs  at  Full  Load. 
and  over  the  efliciency  under  various  conditions.*  Fleming*  in 
partictUar  has  published  most  valuable  determinations  of  the  efS- 
cienciesof  a  large  number  of  transformers.  The  reader  should 
also  consult  the  writings  of  Bedell  and  Crehore,  Eapp,  Weekes, 
and  Feldmann.  The  following  table  gives  the  principal  results  of 
Fleming's  tests.  The  last  named  on  the  list  had  an  efficiency  of 
97  per  cent,  at  fidl  load  ;  and  at  one-third  load  had  an  efficiency 
of  94'B  when  supplied  from  a  Mordey  alternator  giving  a  nearly 
true  sine  curve,  and  of  949  when  supplied  from  a  Thomson- 
Houston  alternator  giving  a  peaked  curve. 

'  Elk.   ZtiU.  August  1,  1806  ;  Engineer,  August  9,  ISO.i.     See  also  Feld- 
mmn,  EUetrieian,  xxxv.  800  ;  Also  various  writers,  ibid,  xxiill.  497,  511, 
023,528,680. 
*  See  Mordey,  Jntif.  Bite.  Bng.,  xvlll.  600,  loSO  ;  A<rrton,  ibid.  064,  180a 
*In*t.  cifElee.  Eng.,  1892,  xxl.  694  :  lee  Sumpner.  ibid.  740. 
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Design  of  Transformers. 

In  designing  a  transformer  that  shall  have  a  given  output  when 
supplied  from  mains  that  are  operating  at  a  given  voltage  and 
frequency,  there  are  several  modes  of  procedure  ;  and  in  many 
points  experience  is  the  only  guide.  The  following  is  probably  the 
best  way  to  go  to  work.  First  select  the  type  of  structure,  then 
from  economical  considerations  decide  what  will  be  the  permissible 
loss  of  power  in  iron  and  in  copper.  If  the  transformer  is  for  all- 
day  use  at  low  loads  the  iron  loss  must  at  all  hazards  be  kept  low. 
If  only  for  use  during  short  periods  a  large  copper  loss  may  be 
allowed.  If  it  is  for  motor  running  a  considerable  inductive  drop 
is  admissible.  Having  decided  how  many  watts  may  be  lost  in 
the  iron,  fix»  from  previous  experience,  the  approximate  dimensions 
of  the  ironwork.  Choose  the  size  of  core  stampings,  and  deter- 
mine approximately  the  number  likely  to  be  wanted  for  the  out- 
put. It  will  be  easy  to  take  a  few  more  or  a  few  less  if  on  com- 
pleting a  first  calculation  some  change  seems  desirable.  Then 
estimate  the  approximate  weight  of  iron,  and  from  this  and 
the  permissible  loss  in  watts  ctdculate  the  loss  per  pound 
of  iron.  (This  should  come  out  from  05  to  IS  watts.)  Then 
refer  to  the  curve,  Fig.  91,  which  connects  this  loss  with  the  flux- 
density  B,  and  find  the  corresponding  value  of  g.     If  this  comes 

out  lower  than  4000  or  higher  than  8000,  it  will  be  well  at  once  to 
go  back  and  take  less  iron  or  more  as  the  case  may  be.  Having 
found  a  reasonable  value  for  Q,  estimate  (in  sq«  centimetres)  the 

nett  area  of  section  of  the  core  you  have  chosen,  and  multiplying 
this  by  B  you  ge*  ^^  A^^  N-  Then  from  W  and  the  prescribed 
voltage  and  frequency  you  find  Si  by  the  formula  on  p.  697,  and 
from  Si  and  the  ratio  of  transformation  you  find  S^ 

At  this  stage  it  may  be  well  to  calculate  the  no-load  current  by 
finding  separately  the  wattless  magnetizing  current  Cm,  and  the 
waste-pOwer  current  Cp  necessitated  by  hysteresis  and  eddy- 
currents.  The  former  may  be  calculated  by  magnetic-circuit 
principles,  and  the  length  I  of  the  path  of  the  flux  along  the  mag- 
netic circuit  and  the  value  of  the  permeability  /<  that  corresponds 
to  the  particular  value  of  B,  hy  the  formula 

C«-— ^ — ^1 0-565  B ^ ^ M Si. 

f^ 2  •0-4  IT. At. Si 

The  waste-power  current  Cp  is  calculated  from  the  power  per- 
mitted to  be  wasted  in  the  core,  by  dividing  down  by  the  primaury 
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volts.  Finally  the  no-load  current  Co  is  calculated  (see  Fig.  500) 
by  the  formula 

Betuming  to  the  design,  calculate  from  the  drawing  (with  due 
allowance  for  layers  of  insulation)  the  mean  length  of  one  turn  of 
primary  winding,  of  primary,  and  of  secondary.  Then  from  the 
available  space  left  for  the  windings  (allowing  about  I  of  this  for 
the  primary  winding  because  of  insulation  requirements,  and  \  for 
the  secondary  winding)  and  the  numbers  Si  and  Sg  calculate  the 
sections,  resistances  and  weights  of  copper.  Then  work  out  the 
watts  lost  in  copper  at  full  load  and  no  load,  and  the  current 
density.  If  the  copper  losses  come  too  great  you  have  not  left 
winding  space  enough,  and  must  take  a  larger  iron  core.  It  de- 
pends on  the  type  of  structure  as  to  what  you  can  do  with  a  larger 
core.  If  it  is  such  that  the  apertures  for  the  windings  (as  in  Fig. 
492)  are  no  larger  than  before,  it  will,  by  having  a  greater  section 

of  iron,  have  the  advantage  that  W  being  greater,  Si  and  S,  may 
both  be  smaller,  and  therefore  larger  sizes  of  copper  wires  can  b© 
got  into  the  same  apertures.  If  the  new  core  is  longer  than  the 
old  one,  but  no  thicker,  you  can  use  the  same  numbers  of  turns 
as  fi^rst  calculated,  but  thicker  wires. 

In  all  cases  it  is  well  to  work  out  on  paper  the  effect  of  two  or 
three  different  selections,  and  to  choose  that  Vrhich  comes  nearest 
to  the  prescribed  conditions.  Some  capital  examples  of  working 
out  are  given  by  Evershed.^ . 

Another  method  of  procedure  is  to  assume  an  iron  core  of  given 
dimensions,  and  fixing  frequency  and  voltages,  to  work  out  the 
windings  to  give  a  definite  flux-density  (say  g  =  5000)  in  the 

iron  ;  and  take  the  sections  of  the  two  windings  as  large  as  is 
structurally  possible.  This  leaves  the  currents  undetermined ,  and 
leaves  the  rating  of  the  full-load  output  to  be  determined  either 
by  the  limit  of  permissible  temperature-rise  (to  be  found  by  ex- 
periment, or  by  calculation  from  losses  and  surface)  or  by  the 
voltage  drop,  or  approximately  by  the  current  density  permissible, 
or  by  the  limit  of  efficiency.  Some  makers  rate  their  trans* 
formers  above  the  output  at  which  the  rise  of  temperature  will  be 
within  safe  limits.  The  final  degree  to  which  after  some  hours' 
full  working  the  temperature  rises  depjends  on  the  total  losses  in 
iron  and  copper,  on  the  available  surface  for  radiating  this  heat, 
and  on  the  facilities  for  cooling,  such  for  example  as  the  circula- 
tion of  oil  in  the  outer  case.    A  usual  figure  of  allowance  of 

"  27ic  JSltttriciany  xxvi.  p.  4T7  et  seq. 
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cooling  surface  is  40  sq.  centimetres  pea  watt  of  loss.  At  this 
allowance  the  temperature  rise  wiU  be  about  60^  O.  above  the 
surrounding  atmosphere  if  there  is  no  oil  cooling,  or  about  40 
degrees  with  oil  in  the  case.  And,  within  the  limits  of  15  to  66 
sq.  centimetres  per  watt,  the  temperature  rise  will  vary  roughly 
inversely  with  the  available  surface.  E.  Thomson  has  suggested 
the  use  of  perforated  secondary  conductors  to  allow  of  greater 
cooling  surface.  The  newest  Westinghouse  transformers  have 
the  projecting  ends  of  the  sandwiched  coUs  bent  away  from  one 
another  for  better  ventilation.  A  forced  circulation  of  oil  has 
been  suggested. 

If  a  transformer  designed  to  work  at  a  certain  voltage  at  a 
given  frequency  is  used  for  the  same  voltage  at  a  lower  frequency 
the  efficiency  will  be  less  :  for,  from  the  fundamental  formula  on 
p.  696,  it  is  clear  that  the  cycles  of  magnetization  of  the  iron  core 
must  %o  to  a  higher  maxima  of  flux  density,  causing  dispropor- 
tionate losses.  If  a  transformer  designed  for  a  2000- volt  circuit 
at  100  periods  is  used  on  a  system  at  50  periods  it  ought  to  be 
rated  at  lower  voltage,  say  as  a  1000-volt  transforrher,  or  else  re- 
wound. On  the  other  hand,  raising  the  frequency  lowers  the 
flux-density  (for  the  same  voltage)  and  therefore  raises  the  effi- 
ciency. If  the  flux-density  is  unaltered,  the  loss  per  cycle  will 
also  be  imchanged,  and  the  loss  per  second  will  be  proportional 
to  the  niunber  of  cycles  per  second.  Other  things  being  equal  it 
may  be  taken  that  for  a  given  copper  loss  (and  therefore  for  given 
current)  the  output  is  proportional  to  the  voltage,  and  therefore 
for  a  proportional  iron  loss,  is  proportional  to  the  frequency. 
Hence  for  a  given  total  loss  the  output  of  a  given  transformer  is 
proportional  to  the  frequency.  In  other  words,  high  frequency 
means  a  saving  of  weight  and  cost,  smaller  transformers  being 
used  than  with  low-frequency  of  supply. 

CONSTANT-CUBBENT  ALTEBNATINa  TEANSFOBMERS. 

Transformers  arranged  so  that  the  two  self-inductions  of  the 
two  coils  are  high  compared  with  the  mutual  induction  between 
them  have  been  designed  by  Elihu  Thomson  and  by  Stanley  for 
the  purpose  of  yielding  alternating  currents  of  a  constant  num- 
ber of  virtual  amperes.  Forms  with  much  magnetic  leakage 
answer  this  purpose.  Swinburne  ^  has  pointed  out  that  a  hedge, 
hog  transformer  will  answer  in  this  way  if  the  primary  and  sec- 
ondary coils  are  wound  on  opposite  ends  instead  of  being  wound 

1  Proc,  Boy,  Soc,  February,  1887. 
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close  together.  An  ordinary  transformer  can  be  adapted  to  such 
service  if  a  choking-coil  is  introduced  into  the  primary  circuit. 
The  use  of  constant-current  apparatus  is  for  feeding  arc  and 
glow  lamps  in  series. 

Auto-Transforbcers. 

The  auto-transformer  (or  "one  coil"  transformer)  merely  con- 
sists of  a  coil  of  wire  wound  on  an  iron  core,  and  connected 
across  the  mains.  To  some  point  in  it,  at  a  greater  or  less  dis- 
tance from  one  end,  according  to  the  voltage  required,  a  branch 
wire  is  attached  and  current  is  drawn  off  between  this  branch 
and  one  end.  In  Fig.  505  the  endsjpp  are  attached  to  the  pri- 
mary mains,  while  8  a  act  as  the  secondary 
terminals,  giving  out  a  lower  voltage,  and 
acting  as  a  pressure-reducer.  It  will  be 
seen  that  a  greater  current  can  be  drawn 
off  in  this  way  than  is  actually  supplied 
by  the  mains,  as  the  portion  of  coil  that  is 
common  to  the  circuit  acts  as  the  second- 
ary of  a  transformer.  Less  copper  is  re- 
quired than  if  there  were  two  separate 
coils.  If  the  connections  were  made  the 
other  way,  so  that  the  lesser  number  of 
coils  were  connected  to  the  mains,  the 
voltage  at  the  outer  terminals  would  be 
raised  ;  the  arrangement  then  serving  as 
an  augnientator  of  pressure. 

For  distribution  by  the  3- wire  system  the  secondaries  of  trans- 
formers are  often  wound  to  200  volts,  with  a  middle  terminal 
half-way  along  the  coil  for  the  third  wire  of  the  network.  For 
working  three  arc  lamps  in  series  at  83  volts  esich,  from  100- volt 
mains,  an  auto-transformer,  is  used  having  intermediate  ter- 
minals, so  that  each  lamp  is  a  shunt  to  one-third  of  the  coil. 


Fio.  505. 
Auto-Transpormeb. 


Polyphase  Transformers. 

For  the  special  forms  of  transformers  used  for  S-phase  and 
8-phase  currents  ;  and  for  transforming  2-phase  to  3-phase 
currents,  or  vice  versd,  the  reader  is  referred  to  the  author^s 
treatise  onPolyphaae  Electric  Currents. 
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Thbort  of  Altkrnate-current  Transformers. 

There  are  two  ways  of  treating  the  theory  of  transformers.  In 
the  first,  which  lends  itself  the  more  easily  to  simple  treatment, 
and  has  already  been  used  on  p.  699,  the  fundamental  considera- 
tion is  the  alternating  magnetic  flux  in  the  core,  which  induces 
electromotive-forces  in  the  two  windings,  and  is  itself  due  to  the 
resultant  of  the  two  sets  of  ampere-turns  in  the  coils.  This 
method  has  been  elaborated  by  Hopkinson.^  In  the  second  the 
calculations  are  effected  by  introducing  the  notion  of  coefficients 
of  mutual  and  self-induction  into  the  differential  equations  for 
the  two  circuits.  The  latter  method,  due  to  Maxwell,*  consists 
in  finding  the  electromotive-force  induced  in  the  second  circuit 
by  the  variations  of  current  impressed  on  the  first  circuit. 

First  let  us  consider  the  coefficients  of  mutual  and  self-induc- 
tion. In  order  to  calculate  the  mutual  action  of  the  two  circuits 
we  want  to  know  the  amount  of  cutting  of  magnetic  lines  by  the 
8econdairy  coils  that  takes  place  when  unit  current  is  made  to 
flow,  or  is  stopped  in  the  primary  coils.  LetM  be  used  as  a  sym- 
bol for  this  quantity.  It  will  be  proportional  to  the  number  of 
turns  in  the  secondary  coil,  because  each  turn  encircles  the  iron 
core  and  cuts  the  magnetic  lines  ;  it  will  also  be  proportional  to 
the  number  of  turns  in  the  primary  coil,  because,  cceteris  paribus^ 
the  magnetism  evoked  in  the  iron  core  is  proportional  to  the 
ampere  turns  that  excite  it ;  it  will  also  be  proportional  at  every 
stage  to  the  permeability  of  the  iron  core.  We  may,  in  fact, 
calculate  M  by  the  magnetic  principles  laid  down  in  Chapter  VI. 
Suppose  the  iron  core  to  form  a  closed  circuit  of  length  Z,  section 
A,  permeability  /<  ;  and  that  Si  and  Sj  are  the  respective  numbers 
of  turns  in  primary  and  secondary.  Then,  if  the  primary  cur- 
rent is  unity  (in  absolute  C.G.S.  units),  the  magnetomotive-force 
due  to  it  will  be  4  «■  Si,  and  the  reluctemce  will  be  Z  /  A  /*.  Divid- 
ing the  former  by  the  latter,  we  shall  have  an  expression  for  the 
number  of  lines  in  the  core ;  this  multiplied  by  Ss  gives  the 
amount  of  cutting  of  lines  by  the  Secondary  circuit ;  or  in  sym- 
bols 

M  —  4ff  SiSjA/z//. 

«  Proc,  Roy,  Soc,  February,  1887. 

*  Philosophical  Transactions,  civ.  pt.  i.  p.  459, 1865.  In  this  paper  Max- 
well shows  that  the  effect  of  the  second  circuit  is  to  add  to  the  apparent 
resistance  and  diminish  the  apparent  self-induction  of  the  first  circuit.  The 
student  will  find  the  equations  more  fully  treated  by  Mascart  and  Joubert, 
£lectricit4  et  MagnHisme.  i.  503  and  ii.  834  ;  also  by  Hopkinson,  Journal 
8oc,  Teleg,  Engineers,  xiii.  511,  1884  ;  Ferraris,  Mem.  Acad,  Sci.  (Turin), 
xxxvii.  1885  ;  and  by  Vaschy,  Annales  Tilegraphiques,  1885-6,  or  Thvoris 
des  Machines  Magneto  et  Dynamo-£lectriques^  p.  31.  A  summary  of 
Maxweirs  work  ia  given  in  Fleming's  book. 
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The  name  given  to  this  quantity  is  the  coefficient  of  mutual  in- 
duction.  If  the  current  in  the  primary  have  the  value  Qi  (abso- 
lute C.G.S.  units),  then  the  amount  of  cutting  by  the  secondary 
on  turning  this  current  on  or  oft  will  be  M  Ci.  And  if  the  rate 
of  increase  or  decrease  of  the  primary  current  at  any  instant  is 
known,  this  multiplied  by  M  will  give  the  electromotive-force 
impressed  at  that  instant  on  the  secondary  circuit. 

Considerations  precisely  analogous  to  those  above  will  show 
that  there  will  be  a  coefficient  of  self-induction,  which  we  will 
call  Li,  which  represents  the  amount  of  cutting,  by  the  primary 
coil,  of  the  magnetic  lines  created  in  the  coil  when  the  primary 
coil  ccmries  unit  current ;  and,  as  before,  the  value  of  this  coeffi- 
cient will  be 

Li  —  4  tr  SJ  A  Ai  /  ;. 

As  Si  is  itself  usually  large,  L^  will  be  enormous.  Further, 
there  will  be  a  coefficient  of  self-induction  L^  in  the  secondcu'y 
circuit,  such  that 

L,-=4rSJAAt//. 
In  a  well-built  transformer  it  is  clear  that 

If,  however,  all  the  magnetic  lines  due  to  one  circuit  are  not 
enclosed  by  the  other,  M  will  have  a  less  value  than  is  indicated 
by  the  above  relation.  (See  a  recent  paper  by  Dr.  Bedell  read 
at  the  Chicago  Congress,  1893.) 

The  ratio  between  the  two  electromotive-forces  and  the  two 
sets  of  windings,  . 

S» 
we  will  call  the  coeffixdent  of  transformation. 

If  it  is  assumed  that  there  are  equal  weights  of  copper  used  in 
the  primary  and  secondary  coils,  then  the  following  relations  will 
hold  good : — 


Windings 

Resistance       

Self-induction 

Enectromotive-f orce     •  •     • . 

Current     ••     •• 

Heat-waste      ••  ••     •. 


Primary. 


s, 

E, 
C. 


Saoondary. 


s, 

r» 
L. 

E, 

Ct 

C,«r« 


Ratio. 


k 

I; 
1 
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Also  M—?^-Lifc,. 

MaxicdlVa  Theory, — ^At  any  given  instant  the  impressed  electro- 
motive-force in  the  primary  circuit  roust  he  sufficient  not  only  to 
drive  the  current  C^  through  the  resistance  R^  of  that  circuit,  hut 
must  also  he  adequate  to  counterhalance  the  reactions  arising 
from  mutual  and  self-induction.     These  at  that  instant  will  have 

d  C  d  C 

the  respective  values  M  ^-  J  and  L        *. 

^  dt  dt 

Accordingly  we  write  as  the  differential  equation  of  the  first 

circuit — where  E,  is  the  impressed  electromotive-force  of  she 
generator  which  is  supposed  to  fulfil  the  condition  Elj  =  D  sin  2  w 
n  t  (see  p.  549).  If  the  supposition  is  admitted  that  a  constant 
(alternating)  potential  can  be  maintained  at  the  terminals  of  the 
primary  coil  (by  proper  compounding  of  the  alternator,  or  other- 
wise) ,  then  the  letters  E,  L,  and  Ri,  may  be  taken  to  apply  to  that 
part  of  the  primary  circuit  only  which  lies  between  the  terminals 
of  the  primary  coil.     From  this  differental  equation  we  have  to 

dG 
deduce  a  value  for  M-~^.    For  brevity  we  will  wiitep  for2ir  n; 

d  t 
and— j>  ^  C  for  — -^,  because  C  is  also  assumed  to  be  a  sine-func- 
tion.    Then  differentiating  equation  (1)  wee  get— 

^^^i-f  M/>*C  +  L,/>«C,-R,^^-0.  (2) 

Now  multiply  this  by  Rj  to  get  equation  (3),  and  multiply  equa- 
tion (1)  by  Li  p*  to  get  equation  (4)  ;  and  add  (3)  and  (4)  to  get  (6). 

R,^^  +  M/>'R,C  +  L,^»ll,a-R,»^  =  0.  (8) 

dt  «• 

(R*-t  L,'p^^|=n,^+I^l^^+w(R^Cr-JJ^y      (5) 
46 
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Now  multiply  every  termby      ^         ,  and  write  the  following 
abbreviations : — 


Then 


where  ^  relates  to  the  phase  of  the  electromotive-force ;  nnd  we 
may  write  equation  (5)  as — 

Now  the  differential  for  the  second  circuit  is — 

there  being  in  this  circuit  no  other  electromotive-forces  than 
those  due  to  mutual  and  self-induction.  Inserting  in  (7)  the  value 
obtained  in  (6),  we  get  as  the  final  equation^ 

(R.+  /.)C.+  (L,--l)^-E.-0.  (8) 

Examination  of  the  quantity  k  shows  us  that  if  R^  be  small  enough 

orp  large  enough,  it  becomes  equal  to  z^;  or  is  the  same  thing 

M 

as  the  ratio  of  the  windings  for  which  we  have  used  the  same 
symbol.  Then  returning  to  interpret  equation  (8)  we  see  that  it 
shows  us  that  the  whole  effect  is  equivalent  to  that  which  would 
happen  if,  the  primary  circuit  being  absent,  there  were  introduced 
into  the  secondary  circuit  an  electromotive- force  equal  to  Ei 
divided  by  k,  and  at  the  same  time  the  resistance  were  increased 
by  a  quantity  equal  to  B^!  ^,  and  the  self-induction  were  dimi- 
nished by  a  quantity  equal  to  Li  /  ^.  If  there  are  equal  weights 
of  copper  in  the  two  windings  L*,  —  Li  /  A:",  and  B,  «  R|  /  A^  ;  and 
the  effect  when  the  transformer  is  fully  at  work  is  to  make  p  equal 
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to  the  internal  resistance  of  the  secondary,  and  \  equal  to  L^  so 
that  the  internal  resistance  is  virtually  doubled  and  the  self-in- 
duction wiped  out. 

Professor  Perry  has  contributed  several  important  papers  ^  on 
the  theory  of  transformers,  in  which  he  has  treated  leakage  and 
multiple  secondaries  mathematically. 

I  FhiL  Mag.^  AnguML,  1891 ;  and  Proe.  Ba^.  60c.  IL  pw  455,  Hay,  1899. 
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CHAPTER   XXVII. 

MOTOR-GENERATORS. 

Motor-generators  are  revolving  ti-ansformers  for  affect- 
ing transformations  which  cannot  be  effected  by  stationary 
apparatus.  They  are  of  two  sorts:  (1)  for  transforming  a 
continuous  current  at  any  voltage  into  a  continuous  current 
at  any  other  voltage ;  (2)  for  transforming  continuous  currents 
into  alternating  currents  (single-phase  or  polyphase)  or  vice 
versd.  In  every  case  the  apparatus  consists  essentially  of  a 
combination  of  a  motor  with  a  generator. 

Continuous-current  Transformers. 

Gramme,  in  1874,  constructed  a  machine  with  a  ring-armature 
wound  with  two  circuits— one  of  coarse  wire,  the  other  with  fine 
wire,  having  eight  times  as  many  turns.  Two  separate  com- 
mutators were  connected  with  the  two  windings.  This  machine 
could  be  used  for  transforming  either  from  high  to  low  potential 
or  vice  versd.  The  same  end  can  be  less  conveniently  attained  by 
uniting  on  one  shaft  the  armatures  of  two  dynamos,  one  to  be 
used  as  a  motor  driving,  the  other  as  a  generator  ;  and  these  may 
have  separate  field-magnets  or  a  common  field-magnet.  There 
is  very  little  sparking  with  such  machines,  as  the  reactions  in  the 
two  sets  of  coils  tend  to  correct  each  other.  The  field-magnet  is 
usually  excited  as  a  shunt  to  the  low-potential  armature  coil. 
Swinburne  has  discussed  many  possible  combinations,  including 
one  for  transforming  from  a  constant-current  to  a  constant-po- 
tential condition  of  distribution.  The  chief  use  hitherto  for  con- 
tinuous-current transformei-s  has  been  for  transmission  of  current 
at.  high  voltage,  so  as  to  economize  copper  in  the  feeding  mains. 
In  England,  continuous-current  transformers  have  been  introduced 
with  success  by  various  firms.  Messrs.  Laurence,  Paris  and 
Scott  1  employ  a  2-pole  machine  with  cast-iron  frame  and   an 

*  See  Electrician^  xix.  517,  October  1887  ;  and  Electricial  Bevieto,  xxii. 

4,  1888. 
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armature  wound  with  double  circuits.  In  the  Chelsea  central 
station  a  number  of  motor-dynamos  are  used.  They  have  been 
described  in  detail  by  Major-Greneral  Webber,^  and  include  several 
types,  some  being  by  Liiurence  and  Scott,  others  of  EUwell-Parker 
construction.  In  the  city  of  Oxford  continuous  currents  generated 
at  1000  volts  are  transmitted  to  motor  dynamos  at  several  points 
of  the  city  where  they  feed  the  network  at  100  volts. 

The  following  are  particulars  of  an  Elwell-Parker  bipolar  con- 
tinuous-current transformer,  with  drum  wound  armature  but 
having  a  commutator  at  each  end. 


Primary. 

Secondary. 

Volts 

Amperes     

1000 
40 

0-427 

648 
162 

110 
860 

00052 
73 
86 

Resistance  of  armature  winding 

(ohms)     

Conductors  around  armature 
Segments  in  commutator     . .     . . 

Speed  500  revolutions  per  minute. 

field-magnets :  shunt- wound  with  8080  turns ;  resistance  8*5  ohms. 

Armature  core :  diameter  of  disks  16A  in. ;  nett  cross  section  of  iron 

826  sq.  in. 
Efficiency  of  double  transformation  :  at  full  load  88  per  cent.  ;  at 

half  load  75  per  cent. 

Fig.  506  shows  a  small  continuous-current  transformer  con- 
structed by  the  Crocker- Wheeler  Co.  for  the  author,  for  testing 
purposes.  It  transforms  a  current  of  10  ampei'es  at  100  volts  to 
one  of  1  ampere  at  1000  volts.  Mr.  T.  Parker  winds  motor- 
dynamos  with  Eickemeyer  coils,  the  high-pressure  windings 
being  completed  and  connected  up  first.  Then  the  whole  surface 
is  insulated  afresh,  and  the  low-pressure  windings  are  laid  on  in 
outer  layers. 

A  second  use  for  continuous-current  transformers  is  the  pro- 
duction of  large  currents  at  very  low  voltage,  as  for  electro- 
typing  and  for  meter  testing.* 

A  third  service  for  which  motor-dynamos  are  employed  is  to 
compensate  the  drop  in  voltage  on  long  mains  by  inserting  into 
the  main  at  a  distant  point  a  series  motor  driving  an  armature 
placed  as  a  shunt  across  the  mains.     Lahmeyer '  calls  this  device 

*  Journal  Inst,  Electrical  Engineers^  xx.  63  to  69.  1891,  giving  drawings 
and  data  of  three  machines.  ^  See  The  Engineer,  Aug.  11,  1893, 

*  Ceniralblaitfur  Elektrotechnik,  xi.  402, 1889. 
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a  "far-leading"  dynamo  (Femleitungs-dynamo).  American 
electricians  term  it  a  "  booster."  Sayers  has  described  such  nia- 
chines  fitted  with  his  compensating  winding  (p.  895).  (See  £Zeo 
tridan,  xxzi.  677). 

A  fourth  application  ia  for  charging  accumulators  at  a  higher 
voltage  than  that  of  the  generator,  so  that  the  lamps  may  be 
run  either  direct  or  from  the  cells. 

A  fifth  use  ifl  for  3-wire  and  5-wire  systems  of  distribution,  a 
number  of  armatures  or  windings  on  the  same  shaft  being  con- 
nected across  the  various  pairs  of  mains.    If  at  any  pair  of 


Fia.  806.— CoNTDHions-CDKiaMT  TBAiiSFOiatER  {Crocker-Whedeivtb.). 

mains  the  potential  drops,  this  armature  will  begm  to  feed  this 
pair,  being  driven  by  the  other  armatures  as  motors.  Such  a 
device  is  called  an  ' '  equalizing  "  dynamo  (Ausgleichungs-dy  namo. 
The  following  are  particulars  of  transtorraera  or  "  equalizers,  " 
as  they  may  be  properly  called,  recently  constructed  by  Messra. 
Mather  and  Piatt  for  the  5-wire  supply  in  Manchester.  The  ma^ 
chines  have  drum-armaturefl  with  the  bar  winding  described  on 
p.  806,  with  shunt-wound  magnets  of  "  Edison-Hopkinson  "  type- 
Resistance  o(  magneU •    25  ohnw. 

Kesistance  of  each  armaiure  winding       . .     .0128  ohm. 


With  an  output  on  one  side  of  126  amperes  at  103-4  volts,  the 
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output  on  the  generator  Bide  was  112  amperes  at  100*4  volts. 
Hence  the  efficiency  of  double  conversion,  including  all  f rictional 
and  mechanical  as  well  as  electrical  losses,  is  83*5  percent.;  or 
looked  at  from  the  point  of  view  of  the  purpose  for  which  the 
machines  are  specially  intended,  if  there  is  a  difference  of  8'0 
volts  between  the  two  sides  of  a  3-wire  system,  they  will  transfer 
112  amperes  from  the  higher  to  the  lower  side.  The  journals  of 
these  machines  run  on  ball  bearings. 

A  somewhat  different  system  of  continuous-current  transforma- 
tion has  been  suggested  by  Cabanellas,^  and  patented  by  Edison,* 
in  which  neither  armature  nor  field-magnet  revolves,  but  in 
which,  by  means  of  a  revolving  commutator,  the  magnetic  polar- 
ity of  a  double- wound  armature  is  continually  caused  to  rotate. 
In  a  further  modification  of  this  idea,  due  to  Jehl  and  Rupp,  a 
mass  of  iron,  which  completes  the  magnetic  circuit,  rotates 
within  the  double-wound  ring.* 

Spark  troubles,  however,  afflict  all  merely  commutating  ma- 
chines. 

For  further  notices  of  the  methods  of  continuous-current  trans- 
formation, the  reader  is  referred  to  articles  by  Elihu  Thomson,  in 
Electrical  World,  x.  108,  1887  ;  by  R.  P.  Sellon,  in  Electrician, 
XX.  633,  1888  ;  and  by  Rechniewski,  in  La  Lumi^re  Electrique, 
XXV.  416,  1887  ;  and  see  Electrician^  xxxi.  677. 

Theory  op  Continuous-current  Transformers. 

Let  S  be  the  potentials  at  terminals  of  the  primary  or  motor 
part,  and  e  that  at  terminals  of  the  secondary  or  generator 
part.  Let  the  Oi,  r,,  and  Zi  stand  respectively  for  the  armature 
current,  armature  resistance,  and  number  of  armature  conduc- 
tors of  the  primary  i)art ;  and  Cg,  r,,  and  Zs  for  the  correspond- 
ing quantities  of  the  secondary  part.  Then  the  two  induced 
electromotive-forces  will  be — 

Ei  =  nZiN»  and  E8  =  nZ8N;  and 

Ei  =  g  —  riC„  and  E,  =  «  4.  r^  C,. 

Now  write  k  for  Zj  -i-  Zij  (the  coefficient  of  transformation),  and 
we  have — 

^  6  =  g  —  n  Ci  —  i-  r,  Cg. 

» See  La  Nature,  p.  43,  1882. 

*  Specification  of  Patent,  3940  of  1882  ;  and  Electrician,  xix.  479,1887. 

•  See  Electriciauy  xix.  514,  1887  ;  xx.  7, 1887  ;  and  Specification  of  Patent^ 

8130  of  1887. 
V— Vol.  4 


728  Dynamo-Electric  Machinery. 

But  the  electric  work  done  on  and  by  the  armature  is  equal, 
asBuming  loss  by  eddy-currents  and  hysteresis  to  be  negligible,  01 
El  Ci  =  Eg  d  ;  whence  Cj  =  &  Ci,  so  that  the  liwt  equation  be- 
comes— 


-i-("+&^ 


This  shows  that  everything  goes  on  in  the  secondary  circuit  as 
though  the  potentials  were  reduced  from  that  of  the  primary 
mains  in  proportion  to  the  respective  numbers  of  windings  on  the 
armature  ;  and  as  though  there  were  added  to  the  internal  resist- 
ance of  the  secondary  circuit  a  resistance  equal  to  that  of  the  pri- 
mary winding  divided  by  the  square  of  the  coefficient  of  trans- 
formation. The  ratio  of  transformation  is  independent  of  the 
speed  and  of  the  magnetism,  though  these  two  quantities  depend 
inversely  on  one  another,  If  the  dynamo  (or  secondary)  part  is 
compound  wound  the  speed  may  be  very  nearly  constant  at  all 
loads  ;  but  there  is  little  advantage  in  this,  as  the  speed  always 
adjusts  itself  to  what  is  wanted.  If  the  distant  generator  sup- 
plying the  system  is  properly  over-compounded  it  will  keep  the 
voltage  at  the  lamps  constant,  though  the  transformer  is  inter- 
posed. The  objections  to  the  use  as  transformers  of  running 
machines  are  almost  entirely  met  by  the  considerations  that  these 
machines  run  sparklessly  (owing  to  the  balancing  of  the  self- 
inductions  of  the  two  windings),  and  with  very  little  friction  at 
the  bearings,  because  the  driving  and  driven  parts  are  both  con- 
tained in  the  one  rotating  part.  The  brushes  once  set  need  not 
be  moved  at  any  load. 

Continuous-alternating  Tbansfok^eers. 

To  change  an  alternating  current  to  a  continuous  one,  or 
vice  versd^  there  is  required  a  combination  of  an  alternator  and 
a  continuous-current  machine,  serving  one  as  generator,  the 
other  as  motor.  This  may  consist  of  two  separate  machines 
coupled  together,  as  shown  in  Fig.  508,  which  represents  an 
alternator  combined  with  an  internal-pole  continuous-current 
dynamo,  both  of  Siemens'  pattern,  to  transform  from  2000 
volts  alternating  to  150  volts  continuous,  for  charging 
accumulators,  &c.  The  town  of  Cassel  is  supplied  with 
continuous  currents  transmitted  as  alternate  currents  at 
high  voltage  and  transformed  down  by  a  Kapp  alternator 
(as  motor)  driving  two  dynamos.     At  Buda-Pesth  the  traoa- 
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mission  is  ^pLase,  with  coupled  plaut  at  sub-fitations  to  give 
out  continuous  cui-rents. 

But  it  is  uot  necessary  for  tLis  purpose  to  couple  two 
separate  machines.  A  single  wimling  revolving  in  a  bipolar 
field,  Fig.  507,  joined  up  not  only  to  two  slip-rings,  but  also  to 
a  commutator,  will  work  either  aa  motor  or  generator  for  either 
alternating  or  continuous  currents,  and  therefore  can  give  out 
either  kind  when  driven  by  the  other.'  la  practice,  a  more 
complex  arnmtore  with  %  many-part  commutator  is  used. 
For  example,  an  ordinaTy  Gnunme  ring  is  used  with  the 
addition  of  two  slipringa  wluch  are  oondacted  to  two  points 


Fio.  607. — Simple  CoNxiNt'ous-ALTERSATiNo  Transforuer. 


180°  apai-t.  Such  a  machine  has  been  in  use  at  the  Technical 
College,  Finsbury,  since  I880,  when  the  rings  were  added  by 
Dr.  Walmsley.  It  will  serve  as  a  transformer  eitherway.  or, 
if  driven  by  i>ower,  will  furnish  eitherkind  of  current,  or  both 
at  once.  In  1887,  the  Helios  Co.,  and  in  1889,  Mr.  Bi-adley 
and  Mr.  Te.sla  patented  similar  devices.  For  producing 
3-phase  cniTcnts  from  continuous  currents,  three  slip-rings 
most  be  connected  on  at  three  symmetrical  points.  For 
2-]>ha.se  currents  four  slip-ringa  are  connecli^d  at  points  90° 
apart.     In  a  recent  apparatus  of  Hutin  and  Leblanc  *  tiiei-e  is 

'  M.  Hospitaller  proposes  tc  call  machiui's  of  this  cUss  jvoii/inor/jAicdyn*- 
mos,     Se«  Soc.  fVaufHijie  tie  Fliyi>"jiir,  i^!i4.  p.  tdi. 
*  See  an  iltustoited  »rticle  In  V  tUtlricitn  uf  .\pril  21,  1S04. 
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employed  a  row  of  eighteen  slip-rings  connected  at  as  mairf 
symmetrical  }>oints,  and  giving  rise  to  eighteen  altemato 
currents,  each  differing  in  phase  by  20°  from  its  next  oeigb* 
bor. 


FlQ-  SOS.— G0iniNTr017B-AI.TSRKATINa 


A  simple  revolving  combined  commutator  like  that  of 
Fig.  609,  would,  witliout  any  field-magnet,  suffice  tocoQTerfc 
continuous  into  alternating  currents,  or  to  rectify  alternate 


Fki.  609.- 


currents  into  continuous,  were  it  not  for  the  practical  difficul- 
ties arising  about  sparking.  Tlie  use  of  the  field-magnet  is 
to  balance  the  electromotive-forces  in  the  different  parts  of 
the  windings,  aa  well  a^  to  maintain  the  proper  rotation. 


Motor-Generators.  731 

Pollak,  of  Frankfort,  and  Ferranti  have  both  successfully  used 
rectifying  commutators,  the  foimer  for  charging  accumulators^ 
the  latter  for  arc  lighting. 

At  the  Frankfort  Exhibition  of  1891  many  revolving  trans- 
formers were  shown.  The  firms  of  Lahmeyer  and  Schuckert, 
in  particular,  displayed  many  very  interesting  forms  of  poly- 
phase appamtus,  in  which  this  feature  was  prominent. 

Messi-s.  Schuckert  and  Co.  showed  a  six-pole  ring-wound 
machine,  capable  of  transforming  from  a  continuous  cuiTent 
or  single-phase,  2-phase,  or  S-phase  currents  to  currents 
of  any  or  all  of  the  other  three  kinds.  It  consists  of  an 
ordinary  ring  armature  with  a  144-part  commutator,  whose 
windings  in  front  of  the  different  pairs  of  poles  are  cross- 
connected  in  parallel  (Mordey's  well-known  method).  As 
there  are  144  sections  in  the  winding,  and  six  poles,  the 
number  of  sections  that  lie  between  any  pole  and  the  next 
pole  of  the  same  sign  will  be  48.  From  Nos.  1, 17  and  83, 
that  is  to  say,  at  points  equally  spaced  out  at  distances  of 
one-third  of  the  extent  of  the  winding  between  any  pole  and 
the  next  pole  of  the  same  sign,  are  attached  three  wires 
which  are  brought  down  to  three  slip-rings  from  which 
brushes  supply  8-phase  currents.  To  fourpoints  also  equally 
spaced  along  the  same  section  of  the  winding  (namely,  Nos.  1 
18,  26  and  37),  are  attached  four  wires,  which  going  to  four 
other  slip-rings,  supply  both  single  and  2-phase  currents. 

An  8-pole  revolving  transfonner  on  a  similar  principle^ 
but  having  a  wave-wound  drum  armature,  was  shown  at 
Frankfort  by  the  AUgemeine  Company.  It  could  receive 
continuous  current  at  about  100  volts,  and  transform  this  into 
8-phase  currents  at  about  70  volts.  This  transformer  is  now 
in  the  laboratory  of  the  Technical  College,  Finsbury. 

The  most  important  motor-dynamos  yet  made  are  those 
constructed  at  Schenectady  for  the  Niagara  works.^ 

They  are  20-pole  multipolar  drum  machines,  having  the 
ordinary  commutator,  but  also  having  four  slip-rings  added,  at 
the  back  of  the  armature.  They  receive  the  2-phase  cuiTcnt 
already  transformed  down  to  115  volts  and  deliver  8000 
amperes  at  150  volts  for  the  purpose  of  aluminium  reduction* 

1  See  Otuster'a  3iagazine,  1805.  p.  834 
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CHAPTER  XXVm. 

EliBCTRIC   TRANSMISSION  OF  ENEBQY. 

In  all  problems  relating  to  the  electric  transmission  o£  powei^ 
whether  over  short  or  long  distances,  it  is  vital  to  remember 
that  the  two  factoi*s  to  be  considered  are  the  current  and  the 
pressure  (or  voltage)  at  which  it  is  transmitted.  In  the 
ordinary  distribution  of  electric  energy  from  central  stations 
in  cities,  whether  with  direct  or  alternating  currents,  it  is 
usual  to  observe  the  condition  of  constant  pressure^  the  current 
being  varied  in  proportion  to  tlie  demand.  But  for  series 
lighting,  it  is  possible  to  observe  the  other  condition  of  main- 
taining a  constant  current,  the  pressure  being  varied  in  pro- 
portion to  the  number  of  lamps  in  the  circuit.  It  is  well  to 
bear  this  distinction  in  mind  in  the  problem  of  transmission  to 
a  distance,  although  in  fact  power  may  be  electrically  supplied 
without  conforming  to  either  of  these  prescribed  conditions  of 
supply.  We  have  seen,  p.  492,  how  it  came  to  be  recognized 
that  the  secret  of  success  in  long-distance  transmission  layiu 
the  use  of  high  voltages,  as  Uiis  permitted  the  use  of  small, 
currents,  and  therefore  of  thin  conducting  wires*  We  may 
with  advantage  recapitulate  the  problem  of  economy  of  ti-ans- 
mission. 

It  is  required  first  to  determine  the  relation  between  the 
pressure  at  which  the  current  is  supplied  to  the  motor,  and 
the  heat-waste  in  the  circuit. 

Let  2*  R  stand  for  the  sum  of  all  the  resistances  in  the 
circuit;  then,  by  Joule's  law,  the  heat-waste  is  (in  watts) 

C*  r  R.    And  since  C  =  ®-__,  we  may  write : 

heat-waste  =  >^     ^^  ^  >. 
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17  ow  suppose  that  without  changing  the  resistance  of  the 

circuit  we  can  increase  §  to  S,  and  also  increase  E  to  E,  while 

keeping  ©  —  E  the  same  as  %  —  E,  so  that  the  current  will  be 
the  same  :  it  is  clear  that  the  heat  loss  will  be  precisely  the 
same  as  before,  while  more  energy  is  transmitted.  The 
eflBciency  is  greater,  for 

power  of  motor  C  E E 

power  of  generator        c  §        ^' 

E 
and  this  ratio  is  more  nearly  equal  to  unity  than  — ,  because 

both  %  and  E  have  received  an  increment  arithmetically  equal. 
As  an  example,  suppose  §  to  be  100  volts  and  E  90  volts,  and 
the  sum  of  the  resistances  to  be  1  ohm.  Then  C  will  be  10 
amperes.  The  power  supplied  will  be  1000  watts ;  that 
utilized  will  be  900  watts;  the  heat-waste  is  100  watts;  and 
the  electrical  efficiency  90  j)er  cent.    Now  suppose  the  voltages 

increased  so  that  ^  is  1000  volts,  and  E  990  volts.  The 
current  will  still  be  10  amperes.  The  power  supplied  will  be 
10,000  watte,  of  which  9900  will  be  utilized  and  100  wasted  in 
heat.  We  have  10  times  as  much  power  transmitted,  with  the 
same  heatrwaste  as  before,  and  the  efficiency  has  risen  to  99 
per  cent.  Clearly,  then,  it  is  an  economy  to  work  at  high 
voltage. 

High  voltage  can  be  attained  in  several  ways:  by  winding 
armatures  with  many  turns  of  fine  wire,  by  using  higher  speeds 
and  by  putting  several  machines  in  series.  In  the  case  of 
alternate  currents  there  is  the  additional  resource  of  using 
step-up  transformers  (see  p.  738  and  p.  741). 

The  advantage  derived  in  the  case  of  the  electric  transmis- 
sion of  energy  from  the  employment  of  very  high  electro- 
motive-forces in  the  two  machines  is  also  deduceble  from  the 
diagram. 

Let  Fig.  828  given  on  p.  499,  be  taken  as  representing 
the  0806  where  %  is  100  volts  and  E  80  volts.  Now  suppose 
the  resistances  of  the  circuit  to  remain  the  same  while  S  is 
increased  to  200  volts  and  E  to  180  volts,     g  —  E  is  still 
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20  volts,  and  the  current  will  be  the  same  as  before.  Fig.  510 
represents  this  state  of  things.  The  square  K  6  H  D  which 
represents  the  heat-waste  is  the  same  size  as  before ;  but  the 
energy  spent  per  second  is  twice  as  great,  and  the  useful  work 
done  is  more  than  twice  as  great  as  previously. 

We  may  look  at  the  matter  from  a  different  point  of  view. 
Power  being  made  up  of  the  two  factors  E  and  C,  if  it  is 
required  to  transmit  a  certain  prescribed  number  of  watts  we 
will  by  preference  make  E  high  and.  C  low,  for  it  is  the  flow 
of  the  current  through  the  resistances  of  the  circuit  that  causes 

the  loss,  while  the  only 
^  ^  disadvantage  of  a  high 
electromotive-force  is  the 
difficulty  in  preserving 
the  insulation.  The 
electromotive-force  will 
therefore  be  made  as 
high  as  it  can  be  made 
consistently  with  safety. 
If  we  double  the  pres- 
sure, thereby  reducing 
the  current  to  one-half, 
we  reduce  the  loss  to 
one-quarter,  as  the  loss 
is  proportional  to  the 
square  of  the  current. 
In  an  experiment,  M.  Fontaine,^  by  using  several  Gramme 
machines  coupled  in  series  at  each  end  of  aline,  the  resistance 
of  which  was  100  ohms,  succeeded  in  transmitting  50  horse- 
power with  a  mechanical  efficiency  of  52  per  cent.  This 
experiment  realized  the  suggestion  made  in  1879  by  Elihu 
Thomson  for  the  economic  use  of  several  machines  in  series. 
Seven  machines  were  used,  of  similar  construction,  of  the 
"  over  "  type,  each  weighing  1200  kilogrammes,  and  of  about 
16  kilowatts  capacity.  Four  were  united  in  series  at  the  gen- 
erating end,  and  driven  at  1298  revolutions  per  minute  by  a 


Fia.  610. 


>  rElectricleuj  x.  707,  188ft, 
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steam  engine  indicating  113  H.P.  Brake  tests  at  the  generat- 
ing end  showed  the  actual  H.P.  to  be  95-88.  The  other  three 
machines  were  used  as  motoi-s,  their  power  being  measured 
by  a  brake.  They  gave  out  49-98  H.P.  at  1120  revolutions 
per  minute.  The  current  was  9*34  amperes.  The  result  is 
that  there  was  a  nett  eflSciency  of  52  pter  cent.  The  re- 
sistance of  the  machines  was  about  11^  ohms  each.  The 
voltage  at  the  generating  end  of  the  line  was  6996  volts; 
that  at  the  receiving  end  was  5062  volts. 

Efficiency  of  Transmission. — It  can  readily  be  shown  that 
with  two  series  dynamos,  the  electrical  eflBciency  of  trans- 
mission, when  there  is  no  leakage,  is  the  ratio  of  the  electro- 
motive-forces developed  in  the  armatures  of  the  two  machines. 
To  do  this  we  will  consider  separately  the  efficiencies  of  the 
three  parts  of  the  system.  Writing  Ej  for  the  electromotive- 
force  developed  in  the  generator,  E,  for  that  of  the  motor,  r^ 
and  r,  for  their  respective  internal  resistances,  we  shall  then 
have 

Efficiency  of  generator     ..171  =  .   '   J*V,^ —  5 

I 

Efficiency  of  line       . .     .  .  iy«  =  v,-^ — ^*^-, ; 

Efficiency  of  motor    .  .     •  .  173  =s      ^ -^  ; 

Hence  the  resulting  efficiency  of  the  whole  system  will  be 

Jill 

If  the  machines  are  shunt-wound  or  compound-wound,  or 
if  there  is  leakage  on  the  line,  the  currents  through  the 
armatures  will  no  longer  be  alike  in  the  two  machines. 
Writing  the  respective  armature  currents  as  i^  and  t^  we  shall 
have  in  this  case,  as  the  electrical  efficiency  of  transmission, 

E|  Oo 
17  ^ z r« 

Ej  Ci 
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As  an  example  of  traDBmission  to  a  moderate  distance  by  con- 
tinuous currents  we  may  cite  the  plant  at  Schaffhausen  erected 
by  the  Oerlikon  Works  of  Zurich  where  500  actual  horse-power 
are  delivered  to  the  spinning  mills  electrically,  with  a  nett  effi- 
ciency of  78  per  cent,  from  turbines  in  the  river  750  yards  away, 
two  generators  (6-pole  over-compounded  dynamos  designed  by  C. 
E.  L.  Brown)  being  used  to  give  each  330  amperes  at  ^2A:  volts. 
The  motors,  which  are  of  the  same  type,  are  constructed  with 
field-magnets,  which  are  relatively  more  powerful  than  those  of 
the  generators,  and  nm  without  varying  more  than  3  per  cent,  in 
speed  between  no-load  and  full  load.  The  commutators  are 
guaranteed  to  last  for  20,000  Ijours. 

Another  example^  of  transmission  with  continuous  currents  is 
afforded  by  the  plant  for  supplying  power  to  mills  and  to  a  cen- 
tral lighting  station  at  Genoa.  Water  power  derived  from  a 
tributary  of  the  Po  is  converted  for  transmission  in  several  sta- 
tions on  the  mountain  side  at  a  distance  of  16  miles  from  Genoa. 
In  one  of  these  stations  there  are  eight  Thury  continuous-current 
machines  of  70  H.P.  each,  coupled  in  pairs  to  140  H.P.  turbines. 
Each  machine  yields  47  amperes  at  1000  volts.  They  are  sep- 
arately insulated  on  porcelain  and  coupled  in  series  so  that  the 
power  is  transmitted  at  a  total  pressure  of  8000  volts.  The  con- 
ductor is  of  bare  copper  carried  on  oil  insulators. 

When  a  very  high  electromotive-force  is  required  for  tlib 
purpose  of  transmitting  power,  it  is  found  convenient  to  use 
Alternating  cun'ents  (p.  547)  for  the  two  following  main 
reasons. 

(1)  Alternate-current  generators  require  no  commutator, 
and  therefore  the  current  can  be  generated  by  one  machine  at 
the  full  pressure  required. 

(2)  Alternate  currents  can  be  transformed  from  one  pres- 
sure to  another  by  means  of  a  simple  transformer  without 
moving  parts. 

The  objections  to  alternate  currents  for  this  purpose 
are : — 

(1)  As  the  maximum  pressure  with  alternate  currents  is 
1*41  times  the  y  mean  ^  pressure,  an  alternate  current  of  a 
certain  value  will  not  transmit  as  much  power  along  a  line  as 

1  Elek,  Zeitsch,  1892,  xiii.  216  ;  Journ,  Inst,  Elec.  Eng.,  1892.  xxi.  534, 
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a  continuous  cuirent  of  equivalent  value  whose  pressure  is 
equal  to  the  maximum  pressure  of  the  alternate  current. 

(2)  There  may  be  a  loss  of  'power  in  the  line  due  to  the 
wattless  current  (p.  567). 

(3)  There  is  a  certain  amount  of  loss  of  pressure  in  the 
line  due  to  self-induction  apart  from  the  resistance  of  the 
liae  (p.  659). 

(4)  There  is  a  slight  increase  in  the  resistance  of  the  mains 
due  to  skin  effect  if  the  frequency  is  high  or  the  ourrents 
large  (p.  578). 

(5)  Until  recently  alternate  currents  for  transmitting  power 
were  open  to  the  objection  that  alternate-current  motors  were 
not  self-starting.  This  objection  is  removed  bj-  theinti-oduo- 
tion  of  self-starting  monophase  motors  of  high  efficiency  (p. 
687),  and  by  the  employment  of  polyphase  currents  (p.  662). 

The  two  advantages  of  alteniate  currents  mentioned  above 
fio  much  outweigh  the  objections,  that  in  the  majority  of  cases 
of  long-distance  transmission  in  all  parts  of  the  world 
alternate  currents  are  used. 

In  the  largest  scheme  for  the  distribution  of  power  ever 
undertaken,  namely,  from  the  Niagara  Falls,  alternate  currents 
in  two  phases  are  used.  The  5000  H.  P.  dynamos  for 
generating  the  current  are  described  on  p.  638.  They  are 
three  in  number  and  yield  1550  amperes  each  (775  amperes 
in  each  circuit)  at  2250  volts.  The  power  is  intended  for  dis- 
tribution to  factories  in  the  immediate  vicinity,  and  also  for 
transmission  to  considerable  distances.  Continuous  currents 
for  aluminium  smelting  are  obtained  by  means  of  rotating 
transformera.  For  distribution  to  great  distances  the  pressure 
is  raised  by  ti-ansformera  to  20,000  volts.  The  water  power 
available  is  about  100,000  H.P.,  and  this  will  be  utilized  from 
time  to  time  as  tlie  demand  increases.  It  is  prolxible  that 
some  of  the  future  d^niamos  will  generate  the  current  for 
distant  transmission  at  the  full  pressure  without  the  interven- 
tion of  step-up  transformers.  A  subway  canies  the  main 
conductoi-s  for  a  distance  of  2500  feet,  the  conductors  consist- 
ing of  bare  copper  strip  carried  on  oil  insulators.  From  this 
subway  branches  are  taken  to  neighboring  factories. 
47 
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An  instance  of  transmission  of  power  at  high  pi*essure 
which  has  been  in  existence  for  over  three  years  is  at  Hoch- 
felden,  Switzerland,  carried  out  by  the  Oerlikon  Co.  Fig.  611 
gives  a  view  of  the  station  showing  the  three  generators,  which 
were  designed  by  Mr.  C.  E.  L.  Brown,  in  1890.  They  are 
3-phase  machines,  each  of  200  horse-power,  running  at  180 
revolutions  per  minute.  Excepting  in  having  the  vertical 
shafts  directly  above  the  turbines  by  which  they  ai*e  driven, 
they  closely  resemble  the  Lauffen  generators.  They  give 
86  volts  pressure  between  the  terminals.  To  raise  the  voltage 
each  is  connected  to  a  8-phase  transformer  immersed  in  oil, 
one  of  these  transformei's  being  visible  on  the  right  hand 
of  the  cut.  The  pressure  is  raised  to  13,000  volts,  at  which 
pressure  the  currents  are  conveyed  by  three  wires,  each 
4  mm.  in  diameter,  to  the  Oerlikon  Works  (a  distance  of 
24  kilometres,  or  about  15i  miles),  where  by  means  of  step- 
down  transformei's  of  similar  construction  the  pressure  is 
lowered  to  190  volts,  and  the  cuiTcnts  are  distributed  for 
lighting  and  power  at  this  pressure. 

Graphic  Representation  of  Transmission. — A  convenient  mode 
of  representing  graphically  the  relative  amounts  of  energy  ex- 
pended at  the  transmitting  end  and  utilized  at  the  receiving  end 
is  the  following,  which  is  due  to  von  Hefner  Alteneck  : — 

Let  (Fig.  512)  the  perpendicular  lines  A  Ei  and  B  Et  represent 
respectively  the  electromotive-forces  at  the  transmitting  and  re- 
ceiving machines  ;  and  let  the  horizontal  lengths  A  Li,  Li  I^,  and 
Lg  B  represent  respectively  the  resistances  of  the  machine  at  A, 
the  line  (including  return  wire),  and  of  the  machine  at  B.  Join 
El  Ea  :  the  tangent  of  6lope  (Ei  F  -r  F  Ba)  of  this  line  will  repre- 
sent the  current  flowing.  From  A  and  from  B  drop  perpendiculars 
upon  this  sloping  line,  and  produce  them  to  the  points  Wj  and 
Wj,  level  with  Ei  and  Eg.  The  length  of  the  lines  Ei  Wi  and  E* 
W,  will  represent  relatively  the  energy  transmitted  and  received. 
For,  by  the  construction  each  is  proportional  to  the  respective 
electromotive-force  and  to  the  slope  of  Ej  Eg.  The  energy  lost  in 
heat  may,  on  the  same  scale,  be  represented  by  the  length  of  the 
line  El  H.i 

1  For  a  further  geometrical  discussion  of  the  problem  of  electric  traiuBmlB- 
sion  of  power,  see  a  paper  by  Reignier,  in  La  Luml^re  £lectrique,  xxfU* 
352,  1887. 
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Economy  of  Trangmisaion. — As  already  shown,  the  economy  of 
transmission  depends  on  the  voltage  at  which  the  power  is  trans- 
mitted,  and  on  the  resistance  of  the  line.  The  question  then 
arises  at  what  amount  ought  the  latter  to  be  fixed  to  make  the 
economy  a  maximum.  If  one  saves  heat-waste  by  putting  up  a 
thick  copper  wire  for  the  line,  the  interest  on  the  prime  cost  of 
the  line  may  more  than  bsdance  the  saving  in  power.  An  answer 
was  given  in  1881,  by  Lord  Kelvin,  to  one  form  of  the  problem, 
in  which  it  is  assumed  (1)  that  the  voltage  is  fixed,  (2)  that  the 
power  to  be  transmitted  is  a  fixed  amount.  If  these  are  the  con- 
ditions, then  the  total  annual  cost  of  the  power  wasted  in  the  re- 
sistance of  the  line  and  of  the  interest  on  the  copper  (including 
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insulation  and  erection)  will  be  a  minimum  when  these  two 
annual  items  of  cost  are  equal  to  one  another.  Much  confusion 
has  arisen  from  the  ignorant  application  of  Thomson's  law  to  other 
cases  than  those  for  which  it  is  true.  In  1886,  Professor  Ayrton 
and  Perry  1  considered  some  other  cases,  and  have  arrived  at 
several  importimt  conclusions.  If  a  given  amount  of  power  has 
to  be  furnished  by  a  motor  at  one  end  of  a  line,  using  a  given 
voltage  at  the  generator  at  the  other  end,  maximum  economy  is 
obtained,  not  by  keeping  the  current-density  constant,  but  by 
making  it  less,  as  the  length  of  line  to  be  used  is  greater.  The 
smaller  the  voltage  that  may  be  employed  at  the  generator,  the 
smaller  must  the  current-density  in  the  line  be  to  obtain  the 
maximum  elflficiency.     More  recently,  Mr.  Kapp,*  in  his  Cantor 

*  Journal  Soc.  Telegr,  Engineers^  xv.  120,  1886. 

2  Journal  Soc.  Arts,  xxxix.,  July  10,  lvS91  ;  also  his  book  on  Electric 
TransmUaion  of  Energy^  4th  edition,  1894,  in  which  some  very  nsefnl 
curves  are  given. 


Electric   Transmission  of  Efiergy.  741 

Lectures,  has  given  a  more  general  solution,  taking  into  account 
the  voltage  and  the  cost  of  the  machines  as  well  as  that  of  the 
line.  It  is  assumed  that  the  annual  value  of  power  at  the  gener* 
ating  station  is  known  as  well  as  the  cost  of  plant  per  horse-power. 
Of  the  data  required  to  be  known,  such  as  primary  horse-power, 
total  eflSciency,  voltage  at  motor,  annual  cost  of  power  delivered, 
and  working  current,  the  last  mentioned  is  the  most  important 
to  be  calculated,  for  from  it  the  other  matters  can  then  be  found. 
Kapp  finds  that  under  no  circumstances  will  it  be  economical  to 
lose  more  than  half  the  power  in  the  line. 

A  useful  set  of  tabh'S.  showing  the  cost  of  laying  one  additional 
ton  of  copper,  meaning  thereby  that  part  of  the  capital  outlay 
which  is  proportional  to  current,  was  given  by  Prof.  G.  Forbes  in 
his  Cantor  Ijectures  *  of  1885  on  the  Distribution  of  Electricity. 

The  secret  of  economy  in  all  long-distance  transmission  lies,  as 
we  have  seen,  in  the  use  of  high  voltage.  But  it  is  found  in  prac- 
tice that  continuous-current  machines  cannot  advantageously  be 
used  at  such  high  voltages  as  3000  and  4000  volts,  inasmuch  as 
the  commutators  will  not  stand  the  strain  on  their  insulation. 
Even  putting  several  machines  in  series,  though  it  lessens  the 
voltage  on  each  dynamo,  does  not  prevent  the  risk  of  break-down 
of  insulation.  Hence  the  superiority  of  alternate-current  ap- 
paratus, which  requires  no  commutator.  Moreover,  wliere  volt- 
ages exceeding  10.000  volts  are  desired,  it  is  found  preferable  to 
use  low- voltage  altematore  and  motors,  and  to  insert  step-up 
transformers  at  the  generating  end,  and  step-down  transformers 
at  the  receiving  end  (as  proposed  in  1881  by  Deprez  and  Car- 
pen  tier),*  since  it  is  much  easier  to  insulate  thoroughly  the  station- 
ary windings  of  a  transformer  than  the  parts  of  any  running 
machinery.  The  question  whether,  of  alternating  systems,  the 
orSinary  single-phase,  or  one  of  the  more  novel  2-  or  3-phase 
systems,  is  to  be  preferred  in  long-distance  transmission  is  still  an 
undecided  matter. 

As  an  example  of  long-distance  transmission  at  an.  extra-high 
voltage  may  be  cited  the  experimental  line  erected  in  the  summer 
of  1891,  from  Lauffen  to  Frankfort,  a  distance  of  175  kilometres. 
At  Lauffen  a  special  low-pressure  turbine  was  fixed  iu  the  river 
Neckar  to  drive  the  3-phase  alternator,  by  Brown,  described  on  p. 
627,  capable  of  giving  (at  full  power)  three  alternating  currents  of 
about  1400  amperes  each  at  50  volts.  These  currents  were  con- 
verted by  special  transformers  into  three  smaller  currents  at  8000, 
12,500  or  25,000  volts.     Three  copper  wires,   each  4  mm.   in 

^  Journal  Soc,  Arts^  I880. 
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diameter  were  carried  to  Frankfort  on  tall  poles  ;  about  10,000 
porcelain  insulators  being  employed,  with  oil-cups  for  high  in- 
sulation. At  Frankfort  the  currents  were  received  into  step-down 
transformers  and  reconverted  to  the  low  pressure  of  about  60  Tolts, 
to  supply  either  lamps  or  3-phase  motors.  Tests  were  made  by  a 
jury,  having  Prof.  H.  F.  Weber  as  its  head.  Their  rei)ort  con- 
cludes with  the  following  summary  : — 

(1)  In  the  Lauffen-Frankfort  plant  for  the  electric  transmission 
of  energy  over  a  distance  of  170  kilometres,  by  means  of  a  system 
of  alternating  currents,  with  a  pressure  of  8500  to  7500  volts,  and 
bare  copper  conductors  insulated  by  oil  and  porcelain,  the  lowest 
output  in  the  tertiary  circuit  at  Frankfort  was  68 '5  per  cent.,  and 
the  highest  output  was  75*2  per  cent,  of  the  energy  given  out  by 
the  turbine  at  Lauffen. 

(2)  In  this  transmission  to  a  distance,  the  only  cause  of  loss 
measurable  by  the  instruments  was  that  due  to  the  resistance  of 
the  circuit  (Joule's  effect). 

(3)  Theoretical  considerations  showed  that  the  influence  of 
capacity  upon  long  aerial  bare  conductors  for  transmission  of 
energy  to  a  distance  by  alternate  currents,  under  the  conditions 
employed,  and  with  use  of  a  frequency  of  30  to  40  periods  per 
second,  is  of  so  entirely  subordinate  a  magnitude,  that  it  need  not 
be  considered  in  designing  electric  transmissions. 

(4)  As  the  expression  of  our  experience  during  the  foregoing 
measurements  for  the  determination  of  the  efficiency  of  the 
Lauffen-Frankfort  transmission  of  energy,  we  add,  as  a  fourth 
residt : — The  electrical  running  with  alternate  currents  of  7500 
to  8500  volts  in  conductors  of  more  than  a  hundred  miles  in 
length,  insulated  by  means  of  oil,  porcelain,  and  air,  proceeds  just 
as  regularly,  safely,  and  as  free  from  disturbances  as  does  run- 
ning with  alternate  currents  of  a  few  hundred  volts  pressure 
over  conducting  wires  of  a  few  metres  length. 

In  some  further  researches,*  with  a  high  pressure  of  25,000  volts 
from  line  to  line  and  with  a  frequency  of  24  periods  per  second, 
an  efficiency  of  75  per  cent,  was  obtained  with  a  load  of  about  180 
horse-power. 

1  Official  Report  of  the  Frankfort  Exhibition,  11.  p.  451. 
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CHAPTER  XXIX. 


REGULATORS   FOR  DYNAMOS. 


Modes  of  governing  the  performance  of  dynamos  are  needed, 
not  only  for  keeping  the  pressure  at  some  constant  number  of 
volts  or  for  keeping  current  at  some  constant  number  of  amperes, 
but  also  for  such  purposes  as  to  enable  the  voltage  of  any  one 
dynamo  to  be  raised  in  order  that  it  may  feed  into  some  distant 
point  of  a  distributing  network. 

The  output  of  a  dynamo  depends  on  three  intrinsic  matters, 
namely,  (i.)  speed  n,  («'.)  number  of  armature  conductors  Z,  and 
(I'u'.)  magnetic  flux  N  ;  ^^^  on  two  extrinsic  matters,  namely 
(ty.)  resistance  of  the  circuit  ;  and  (t?.)  counter  electromotive- 
forces  in  the  circuit.  It  is  therefore  clear  that  any  of  these  five 
matters  might  afford  a  method  of  controlling  the  performance  of 
the  machine. 

To  introduce  resistances  into  the  main  circuit  is  always  waste- 
ful, and  may  be  dismissed  as  an  uneconomical  method  of  regula« 
tion  suitable  only  for  experimental  purposes.  To  introduce 
counter  electromotive-forces  into  the  external  circuit  can  be  done 
in  the  case  of  alternate  currents  by  the  use  of  choking  coils,  and 
in  the  case  of  continuous  currents  by  the  reversed  introduction 
of  charged  secondary  cells  ;  but  this  is  impracticable  save  for 
special  cases  on  the  small  scale.  It  remains  therefore  to  consider 
the  three  intrinsic  methods.  • 

Speed  governing  is  clearly  limited  to  those  cases  where  there  is 
a  separate  engine  for  each  dynamo  ;  and  in  such  cases  a  special 
governor  will  be  required  instead  of  the  usual  centrifugal  engine 
governor. 

To  alter  the  number  of  conductors  in  a  rotating  armature 
whilst  it  is  running  is  absurd.  Their  effective  number  can,  how- 
ever, be  altered  by  the  device  of  shifting  forward  the  brushes  so 
that  they  collect  the  current  not  at  the  point  of  highest  potential, 
but  at  some  other  point.  This  method  virtually  uses  some  of  the 
armature  windings,  namely,  those  between  the  neutral  point  and 
the  point  to  which  the  collecting  brush  is  advanced,  to  produce 

internal  counter  electromotive-forces. 
Vol.    4— W 
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To  alter  the  magnetic  flux  is  the  almost  universal  mode  of  con- 
trol ;  and  it  may  be  accomplished  in  two  entirely  distinct  kinds 
of  way.  Since  the  flux  depends  on  the  excitation  (or  ampere- 
turns)  and  on  the  reluctance  of  the  magnetic  circuit,  it  can  be 
varied  by  varying  either  the  former  or  the  latter.  The  excitation 
may  be  altered  in  various  ways,  (a)  by  the  hand  with  the  aid  of 
rheostats  and  commutators  in  the  exciting  circuit,  or  (6)  auto- 
matically by  special  governors  in  substitution  for  the  hand,  or 
(c)  by  devices  of  compound  winding.  The  magnetic  circuit  may 
be  varied  in  several  ways,  as  {d)  by  moving  the  pole-pieces  nearer 
to  or  further  from  the  armature,  {e)  by  opening  or  closing  some 
other  gap  in  the  magnetic  circuit,  {f)  by  drawing  the  armature 
end-wa3rs  from  between  the  pde-pieoes,  (g)  by  shunting  some  of 
the  magnetic  lines  away  from  the  armature  by  applying  a  mag- 
netic shunt  across  the  limbs.  All  these  magnetic  devices  have 
been  tried, ^  but  not  with  much  success  except  in  small  machines. 

Hand'BeguIators. — These  consist  of  sets  of  sliding  contacts  to 
enable  the  operator  to  perform  one  of  the  following  operations  : — 
(1)  Insert  or  remove  resistance  from  the  exciting  circuit  of  a  shunt 
dynamo  by  means  of  a  rheostat  *  (see  Edison's  regulator,  Fig.  152, 
p.  226) ;  (2)  insert  or  remove  resistances,  shunting  the  magnetiz- 
ing coils  of  a  series  dynamo  ;  (3)  cut  out  more  or  fewer  exciting 
coils,  these  being  grouped  in  sections. 


CONSTANT-PRESSURIl  AND  CONSTANT-CURBBNT  REGULATORS. 

In  all  automatic  regulators  there  is  a  part  which  has  to  act  as 
the  brain  of  the  instrument,  watching  as  it  were  against  any 
variation,  and  setting  into  action  the  mechanism  which  is*  to 
counteract  the  variation.  This  watching  device  is  usually  some 
sort  of  an  electromagnet,  often  a  coil  with  a  movable  plunger. 
When  the  volts  are  to  be  kept  constant  the  coil  of  the  controlling 
device  must  be  wound  as  a  voltmeter  coil,  that  is  of  fine  wire,  of 

*  For  an  example  of  {d)  see  Firth's  method  (see  Industries j  ix.  161)  in 
which  the  polar  masses  are  drawn  backwards  by  screws  ;  and  of  (g)  a  mag- 
netic shunt  applied  bj  Desroziers,  La  Lumi^e  J^leetrique,  xxiv.  394. 
Other  magnetic  methods  have  been  used  by  Goolden  and  Trotter,  Langley, 
P.  Miiller,  Lontin  and  Diehl. 

^  On  the  construction  of  such  rheostats,  choice  of  wires,  and  the  like,  see 
Herrick,  Electrical  World,  xv.  240,  1890.  Important  advances  have  lately 
been  made  in  the  introduction  of  enamelled  resistances,  for  the  first  of 
these  operations.  Fleming  has  devised  special  rheostats  for  absorbing 
power  in  wires  strained  over  resilient  supports. 
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x«8i8tance»  and  ooimeGied  as  a  shunt.  When  tha  amperes 
are  to  be  kept  constant  the  controlling  coil  must  be  wound  like 
an  amperemeter  with  thick  wire,  of  low  reeistaace,  and  inserted 
in  the  main  circuit.  Alternators  are  usually  regulated  b  j  oper- 
ating on  the  circuit  of  their  exciters,  the  current  in  the  governor 
coil*being  derived  from  the  mains  by  a  small  transformer. 

Automatic  regulators  are  of  two  species :  in  one  the  work  of 
moving  the  regulator  is  accomplished  mechanically,  the  c<mtrol 
only  being  electrical ;  in  the  other  both  the  control  and  the  moving 
power  are  obtained  electrically.  Oooldeu's  regulator,  which  was 
illustrated  in  the  previous  edition  of  this  book,  belongs  to  the 
former  of  these  classes.  The  sliding  piece  of  the  rheostat  is 
worked  by  a  vertical  screw,  and  this  is  caused  to  rotate  right  or 
lef  t-handedly  as  may  be  required  under  the  operation  of  a  double 
crown-wheel  on  a  sleeve  on  the  vertical  spindle  to  which  rotation 
is  imparted  by  a  small  pulley  driven  slowly  from  the  engine. 
The  controlling  part — ^the  brain  of  the  apparatus^is  a  solenoid 
with  suspended  iron  plunger.  When  the  current  in  this  coil  is  of 
proper  normal  strength  the  plunger  is  drawn  in  just  so  far  that 
the  crown-wheel  is  not  in  gear  either  with  the  upper  or  the  lower 
driver.  If  the  current  in  the  coil  grows  weak  the  plunger  rises^ 
causing  the  crown-wheel  to  engage  in  the  upper  driving  screw^ 
which  immediately  begins  to  move  the  shding-contact  in  such  a 
way  as  to  increase  the  excitation  of  the  dynamo,  and  bring  back 
the  current  in  the  coil  to  its  normal  strength.  Slater  Lewis  has* 
lately  introduced  a  differential  solenoid  arrangement  into  the 
regulator. 

An  example  of  the  second  kind  of  regulator  is  that  of  Maquaire^ 
in  which  the  moving  as  well  as  the  controlling  mechanism  is 
electrical.  Ihe  moving  mechanism  is  a  small  motor  made  re  vers* 
ible  by  the  device  explained  on  p.  619.  The  controUing  mech- 
anism is  virtually  a  relay,  consisting  of  an  electromagnet  with 
its  armature  balanced  by  a  spring. 

If  the  main  pressure  becomes  too  low  the  tongue  of  thegovem« 
ing  relay  rises,  and  touching  one  of  the  contact-stops,  causes  the 
motor  armature  to  turn  so  as  to  alter  the  resistance  and  increase 
the  excitation  of  the  dynamo. 

In  Fig.  513  is  shown  an  automatic  regulator  of  the  first  kind^ 
designed  by  Thury  and  manufactured  by  the  Allgemeine  Co.,  of 
Berlin.  The  vertical  relay  is  shown  on  the  left :  it  actuates  one 
or  other  of  two  horizontal  coils  which  throw  into  gear  one  or  other 
of  the  two  bevel  wheels  that  drive  the  worm  which  turns  the  rheo- 
stat arm.  The  pulley  on  the  end  of  the  driving  shaft  must  be  driven 
slowly  from  the  engine  ;  or  in  emergency  may  be  turned  by  hand. 
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A  simple  exampleof  the  purely  electric  regulator  is  afforded  bj 
that  of  Brush  (Fig;  614)  by  which  a  eeries  dynamo  is  m&de  to 
yield  a  conetant  currenti  AcroeB  the  field-magnets  F,  M.  is  con- 
nected a  carbon  shunt  C  of  variable  resistance,  the  resistance  o( 
the  Bhunt  being  adjusted  automatically  by  a  governing  electro* 
magnet  B  whose  coils  form  part  of  the  main  circuit. 

When  traversed  by  the  normal  current  it  attracts  its  armature 
&.  with  a  certain  force  just  sufficient  to  keep  it  in  its  neutral  poei< 


Pki.  B13.— Thurt*8  Rboulatob. 

tion.  If  the  current  increases,  the  armature  is  drawn  upwards 
and  causes  a  lever  to  compress  the  column  of  carbon  plates  ;  tho 
current  ihus  being  diverted  to  a  greater  or  lesser  extent  from  the 
field-m^Cnets.  This  regulator  will  keep  the  current  constant 
even  though  the  speed  of  driving  may  be  irregular. 

Another  purely  electrical  regulator  is  that  used  with  the 
Thomson-Houston  arc-light  dynamo  (p.  463). 

In  Statter's  regulator  the  brushes  are  shifted  by  a  motion  dd- 
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rived  mechanically  from  the  rotation  of  the  dynamo,  but  elec- 
trically controlled. 

The  method  of  regulating  Parson^s  turbo-alternator  was  de- 
scribed on  p.  625. 

A  regulator  devised  by  Waterhouse  employs  a  third  brush  upon 
die  commutator  to  carry  a  variable  portion  of  the  current  around 
^  special  circuit.  It  was  illustrated  in  the  previous  edition  of  this 
book,  as  were  also  the  regulators  of  Henrion  and  of  Sperry. 


Fio.  514.— Brush's  Automatic  Reoulatoh. 


A  special  study  of  this  method  of  regulation  has  been  made  by 
Caldwell,'  who  has  shown  that  it  can  also  be  applied  to  constant- 
pressure  regulation. 

For  constant-current  work  Wood  has  devised  a  regulator  in 
which  a  pilot  brush  is  also  employed,  but  there  are  two  exciting 
circuits  wound  differentially,  and  there  is  an  electromechanical 
device  for  shifting  the  brushes,  attached  to  the  dynamo.  It  was 
depicted  in  the  former  edition. 

An  interesting  example  of  the  use  of  a  magnetic  shunt  to  pro- 
duce a  constant  current,  occurs  in  the  regulator  of  Trotter*  and 
Bavenshaw,  in  which,  instead  of  diverting  the  magnetic  lines  out 
of  their  usual  path,  into  a  path  of  lower  magnetic  reluctance  by 
employing  a  movable  keeper  of  iron,  the  plan  is  adopted  of  fixing 
the  keeper  and  varying  its  effects  by  surrounding  it  with  a 
counter  magnetizing  coil. 

>  EUciTician,  xxii.  217,  1868  ;  and  remarks  by  Professor  Nicholls,  t&id., 
441,  1889. 

•  See  paper  by  A.  P.  trotter,  In  Electrician,  xix.  374,  1887.  A  drawing 
of  the  governor  itself  Is  given  in  the  Electrical  RevieWy  xlx.  289,  Sept.  17, 
1880. 
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M.  Beigniw'  has  drawn  attantioii  to  a  Boluticm  o£  the  problem 
of  exact  governing  to  procure  a  constant  current  by  aatamaticaUj 
rarying  the  number  of  coils  throagh  which  the  cotront  is  per- 
mitted to  pass. 

ELEcmao  Governors  for  Steam-enchnss. 

No  centrifugal  ^vemor  attached  to  the  steam-engina  can  keep 

the  speed  of  the  dynamo  truly  constant ;  for  it  does  not  act  until 
the  speed  has  become  either  a  little  greater  or  a  httle  less  than  the 
normal  value.  Few  mechanical  governors  wiU  keep  the  speed 
within  5  per  cent,  of  its  proper  value,  under  sudden  changes  of  load. 
Hence  the  suggestion  which  underlies  all  electrical  governors, 
that  the  admission  of  steam  from  the  boiler  to  the  engine  should 
be  controlled  by  the  elecUic  current  itself,  the  speed  of  driving 
being  varied  according  to  the  demands  of  the  circuit.  It  is 
emphatically  needed  wherever  the  loads  are  liable  to  sudden  vari- 
ations, as  in  the  case  of  generators  for  electric  railways.  Numer- 
ous suggestions  of  a  more  or  less  practical  nature  have  been  made 
by  Lane-Fox,  Andrews,  Richardson  and  others. 

Bichardson^s  governor^  was  described  in  detail  and  illustrated 
in  the  previous  edition  of  this  hook.  More  recently  Mr.  Richard- 
son has  described '  some  detail  modifications  which  include  the 
use  of  a  relay  controlling  a  mechanically  driven  governor  so  as 
to  regulate  the  engine  to  maintain  a  constant  ^ectric  pressure  at 
any  given  distant  point  in  the  network  of  mains. 

Willans'  governor  *  employs  the  attraction  exerted  by  asolenoid 
on  an  iron  core  to  actuate  an  eqnilibriiun  valve  ;  but  the  action 
is  indirect,  the  solenoid  core  operating  on  the  small  valve  which 
controls  a  hydraulic  piston,  the  latter  in  turn  controlling  the  large 
steam  valve.  The  arrangement  was  depicted  and  described  in  the 
previous  edition  of  the  present  book.  A  comparativ^y  small 
solenoid,  actuated  by  but  0*3  ampere  of  current  and  absorbing 
only  about  32  watts  of  power,  may  by  this  use  of  a  hydraulic 
relay,  or  by  a  steam  relay  valve,  bring  a  force  of  many  pounds 
to  bear  upon  the  main  steam  valve,  and  will  c<»itrol  with  ease  an 
engine  of  several  hundred  hOTse-power. 

One  great  advantage  of  the  electric  governor  is  that  it  cuts 

'  La  Lumi&re  Mectrique^  xacvi.  420,  1887. 
»  See  Specification  of  Patent,  No.  288  of  1881. 
■  Proc.  Inst.  Civil  MngineerB,  cxx,  pC.  ii.,  1995. 

*  See  Specfficatiom  of  Patent  Ko6. 11S4, 5291  and  5045  of  1883 ;  also  paper 
by  P.  W.  Willans  in  Proc.  Inst.  Civil  Engineers,  Ixxxl.  pt.  lit.  1884-5. 
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dbwn  the  consun^ition  of  steam  to  the  actual  demands  made  upon 
Ihe  electric  circuit,  and  preTento  injury  both  to  the  dynamo  and 
to  the  steam-engine. 

i>yNamo7iMtr»c  Gkwemiiig. —  Another  method  o£  gOYeming 
dynamos  is  too  important  to  be  omitted.  The  power  transmitted 
akmg  a  shaft  is  the  product  of  two  factors,  speed  and  torque. 

But  the  power  of  a  dynamo  is  measured  electrically  by  the 
product  of  its  electromotiTe-force  into  the  currant  it  drives 
through  the  circuit.  If  £  stands  for  the  electromotive-£oroe,  and 
C  for  the  current,  then 

£  C  =>  poww  0n  watts). 

Now  we  know  that,  other  things  being  equal,  the  eieotraaM^ 
tive-force  £  of  the  dynamo  is  proportional  to  speed  of  drivingi 
It  follows  at  once  that  th»  tarqus  toillbeprqporttancU  to  the  cur* 
rent  C.  This  at  once  suggests  that  a  dynamo  may  be  driven  so 
as  to  give  a  constant  current,  provided  it  be  driven  from  a  steam- 
engine  governed  not  by  a  centrifugal  governor  to  maintain  a  con* 
etani  speedy  imt  by  a  dynamometric  governor  to  maintain  a  con- 
gtawt  torque  or  turning  moment.  Some  good  transmission 
dynamometers,  such  as  that  of  Morin,  or  one  of  the  later  varie- 
ties, such  as  those  designed  by  Ayrton  and  Peny ,  or  best  of  all 
that  designed  by  the  Rev.  F.  J.  Smith,^  may  be  adapted  to  work 
an  equilibrium  valve,  and  would  fulfil  the  above  condition  of 
governing.* 

Prof.  £.  Thomson  has  suggested  the  use  of  a  dynamometric 
apparatus  to  govern  a  constant-current  dynamo  by  the  method 
of  shifting  the  brushes.  A  descriptionot  this  governor  was  given 
in  the  second  edition  of  this  work. 

Ooveming  by  ^team-preseure, — It  was  remarked  above  that 
electric  power  and  mechanical  power  are  each  a  product  of  two 
factors.  But  in  an  ordinary  steam-engine  the  work  per  second 
also  consists  of  two  factors,  viz.  speed  of  piston  and  steam-pres- 
sure ;  and  the  angular  velocity  of  the  shaft  is  proportional  to  the 
former,  and  its  transmitted  torque  to  the  latter.  Therefore  the 
condition  of  maintaining  a  constant  current  ought  to  be  fulfilled 
if  the  pressure  is  always  constant.  If  the  valves  are  such  as  to 
admit  a  fixed  quantity  of  steam  at  each  stroke,  and  if  the  boiler 
pressure  is  really  kept  up,  then  the  average  pressure  behind  the 
piston  ought  to  be  constant.  In  practice  this  is  never  attained, 
on  account  of  the  friction  of  the  steam-  against  the  steam-pipes 
and  port-holes  of  the  valves.     The  internal  friction  in  the  engine 

*  See  his  excellent  little  book  on  Work-measuring  Machines^  published 
by  Messrs.  £.  and  F.  N.  Spon. 
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plays  the  same  part  in  preventing  absolutely  true  self-regulation, 
as  does  the  internal  electrical  resistance  in  the  dynamo.  An 
approximation  is  all  that  is  possible.^  In  an  experiment  made  by 
M.  Pollard  with  a  G-ramme  dynamo,  the  current  gave  deflections 
on  a  galvanometer,  varying  only  from  52°  to  54°,  while  additional 
resistances  were  introduced  into  the  circuit,  which  caused  the 
speed  to  run  up  from  436  to  726.  revolutions  per  minute.  Theo- 
retically, therefore,  a  constant  current  ought  to  be  one  of  the 
easiest  things  to  maintain  with  a  series  dynamo.  Have  adequate 
boilers,  keep  the  steam-pressure  always  at  one  point,  abandon  all 
governors,  and  admit  equal  quantities  of  steam  at  each  stroke 
whatever  the  speed  ;  the  result  ovjghJt  to  be  a  constant  current. 
The  condition  of  maintaining  a  constant  x>otential  cannot  be  sim* 
ilarly  solved,  except  by  employing  a  shunt  dynamo  under  condir 
tions  that  are  both  uneconomical  and  impracticable.  But  in  the 
case  of  constant-current  working  it  is  possible  to  go  further 
toward  realizing  such  results.  The  existing  method  of  maintain- 
ing a  constant  steam-pressure  is  to  put  upon  the  boiler  a  press- 
ure-gauge which  indicates  to  the  stoker  when  he  is  to  add  more 
fuel  and  when  to  damp  down  the  fire.  Let  the  pressure-gauge 
be  abandoned,  and  instead,  let  there  be  provided  at  the  side  of 
the  furnace  an  amperemeter,  and  let  the  stoker  feed  or  damp  his 
furnace  fires  according  to  the  requirements  of  the  electric  system 
of  distribution.  Is  there  any  valid  reason  why  such  &  method  of 
government  should  not  be  efficient  in  practice,  at  least  in  the  case 
of  the  series  dynamo  for  constant  currents  ? 

Finally,  to  render  the  system  truly  automatic,  it  is  conceivable 
that  mechanical  stoking  appliances  might  be  arranged,  under  the 
control  of  the  amperemeter  or  voltmeter,  to  supply  the  fuel  in 
proportion  to  the  number  of  lamps  alight.  In  the  case  of  gas 
engines  or  oil  engines  such  a  control  would  be  very  easily  carried 
out. 

1  See  Edmunds  in  Journal  Sac.  Teleg.  Engineers,  xvii.  6OT,  1888  ;  also 
Electrician,  xxii.  349,  422,  1889. 
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CHAPTER  XXX. 

TB8TIVO  DYNAMOS  AND  MOTORS. 

Tests  to  be  applied  to  dynamos  are  of  two  kinds,  viz.  those 
which  relate  to  the  resistance  and  insulation  of  the  various 
parts,  and  those  which  relate  to  the  efficiency  under  various 
loads. 

Testing  Canstmctian. — The  resistance  of  the  various  parts 
of  the  armature  coils,  of  the  field-magnet  coils,  and  of  the 
various  connections,  may  be  tested  in  the  ordinary  manner, 
by  means  of  a  Wheatstone's  bridge.  The  only  point  of 
difficulty  lies  in  measuring  such  small  resistances  as  those 
of  armatures  and  of  series  coils,  which  are  often  very  small 
fractions  of  an  ohm.  In  this  case  probably  the  best  method  of 
proceeding  is  the  following.  B3'  means  of  a  few  accumulator 
cells  send  a  strong  current  through  the  coil  or  armature 
whose  resistance  is  to  be  measured,  interposing  in  the  circuit 
an  amperemeter.  While  this  current  is  passing,  measure,  by 
means  of  a  sensitive  voltmeter,  the  fall  of  potential  between 
the  two  ends  of  the  coil.  By  Ohm*s  law,  the  number  of  volts 
of  fall  of  potential  divided  by  the  number  of  amperes  will 
give  the  resistance  in  ohms.  Additional  accuracy  may  be 
secured  by  connecting  in  the  circuit  a  strip  of  stout  German 
silver,  as  recommended  by  Lord  Rayleigh,  of  known  resist- 
ance, and  comparing  the  fall  of  potential  between  the  two 
ends  of  the  strip  with  the  fall  of  potential  in  the  coil.  The 
ratio  of  tlie  two  falls  of  potential  will  equal  the  ratio  of  the 
resistances. 

The  internal  resistance  of  a  dynamo  when  warm  after 
working  for  a  few  hours  is  considerably  higher  than  when  it  is 
cold.  Tests  of  resistance  ought  therefore  to  be  made  both  be- 
fore and  after  the  dynamo  has  been  running.     The  perfection 
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of  the  magnetic  circuit  may  be  tested  in  two  ways.  One 
way  is  to  measure  the  proportion  of  magnetic  leakage  induo- 
tively  (p.  153}.  The  other  way  is  to  join  up  a  known  suitable 
resistance  to  the  terminals  of  the  machine,  and  then  to  inin  it 
slowly,  gradually  increasing  the  speed  until  it  excites  itself. 
(The  method  is  of  course  inapplicable  to  many  alternate- 
current  machines.)  The  least  speed  of  self-excitation  is, 
eoeteris  paribus^  a  measure  of  the  goodness  of  the  magnetic 
circuit. 

Testing  InmlatuynrretUtanee.  —  The  rational  mode  of 
testing  the  insulation  in  the  workshop  is  to  apply  a  high 
voltage — say  from  2000  to  4000  volts — and  see  whether  the 
insulation  resists  being  pierced.  The  electric  tension  or  stress 
to  which  the  dielectric  is  subjected,  tending  to  pierce  it,  varies 
as  the  square  of  the  volts.  The  most  convenient  way  of 
applying  the  test  is  to  use  a  small  altemate-cairent  trans« 
former  giving  the  requisite  voltage.  All  dynamos,  motors 
and  transformera  intended  for  high  voltage  work  should  be 
tested  at  double  the  volts  which  they  are  intended  to  work 
at.  Tests  of  the  insulation-resistance  between  the  coils  of 
a  dynamo  and  its  metal  cores  or  frame  by  use  of  a  Wheat 
stone's  bridge,  made  regularly  day  by  day,  are  only  useful  as 
far  as  they  serve  as  a  guide  to  the  way  in  which  the  machine 
is  being  cared  for ;  since  damp  and  dirt  lower  the  insulation, 
and  if  neglected  promote  Likelihood  of  a  break-down. 

Testing  Temperature-rise. — The  instructions  given  by  the 
Admiralty  for  tests  of  temperature  are  as  follows: — 

At  the  end  of  six  hours'  trial,  and  one  minute  after 
stopping  the  machine,  no  accessible  part  of  the  armature  or 
field-magnet  must  have  a  temperature  of  more  than  30^  Fahr* 
above  that  of  the  dynamo  room,  taken  on  the  side  of  the 
dynamo  remote  from  the  engine,  and  three  feet  distant  from 
it.  Also  the  maximum  temperature  of  the  armature  at  the 
end  of  the  six  hours'  trial  must  not  exceed  the  temperature  of 
the  dynamo  room  by  more  than  70°  Fahr."  It  is  usual  to 
employ  thermometers  with  narrow  cylindrical  bulbs  which  can 
be  inserted  in  the  armature,  or  laid  upon  it  and  covered  with 
a  pad  of  cotton  wool  while  the  test  is  made. 
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TeMng  Peffwmance  and  Sffidmcji* — ^The  testiiig  of  tlie 
efficiency  and  woiting  capacity  of  a  dynamo,  whether  work- 
ing as  generator  or  as  motor,  is  a  more  serious  matter,  and 
involves  both  electrical  and  mechanical  measurements. 

In  the  case  of  the  dynamo  generating  curzenU,  meaoare* 
ments  must  be  made  (a)  of  the  mecJiawical  input  and  (Ji)  ot 
the  electrical  output. 

In  the  case  of  the  motor  doing  woik,  measonaBentB  must 
•be  made  (^r)  of  the  electrical  input,  and  (i)  of  the  mechanical 
output. 

Meastirement  of  Power. — The  general  methods  of  measur- 
ing the  power  mechanically  are  as  foUovra : 

{a.)  Indicator  MetJk^d. — By  taking  indicator  diagrams  from 
the  steam-engine  which  supplies  the  power. 

(J.)  Brake  Method, — By  absorbing  the  power  delireied  by 
the  machine,  at  a  friction  bmke  such  as  that  of  Prony,  Pon« 
-celet,  Appold,  Raffard,  or  Froude. 

(tf.)  Dynamometer  Method. — By  measuring  in  a  transmis- 
sion dynamometer  or  ergometer,  such  as  that  of  Morin,  von 
Hefiier-Alteneck,  Ayrton  and  Perry,  or  of  F.  J.  Smith,  the 
actual  mechanical  power  of  the  shaft  or  belt. 

(rf.)  Balance  Method. — By  balancing  the  dynamo  or  motor 
-on  its  own  pivots  and  making  it  into  its  own  ergometer. 

(«.)  Electrical  Method, — By  making  the  motor  drive  the 
dynamo  which  supplies  it,  measuring  electrically  the  work 
^iven  out  in  the  one,  or  absorbed  by  the  other,  and  then 
measuring,  either  mechanically  or  electrically,  the  difference. 

(/.)  Steam  Consumption. — In  cases  where  indicators  cannot 
-be  used  (as  fcnr  example  in  tests  of  steam  turbines),  the  weiglit 
of  steam  consumed  per  hour,  as  measured  by  feed-water 
supplied  to  the  boiler  or  by  the  water  from  the  condenser, 
may  be  taken  as  a  measure  of  the  gross  power. 

« 

(a.)  Indicator  Method, — The  operation  of  taking  an  indicator 
'diagram  of  the  work  of  a  steam-engiiie  is  too  well  known  to 
engineers  to  need  more  than  a  passing  reference.  It  meaBiires 
the  groas  power  imparted  thermaUy  to  the  engine,  not  the  nett 
power  given  by  the  engine  tothedynamo.  This  m^hod  is,  how- 
ever, not  always  applicable,  for  in  many  came  the  steam-engine 
48 
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has  to  drive  other  machinery,  and  heavy  shafting  for  other  ma- 
chinery. In  such  cases  the  only  remedy  is  to  take  two  sets  of 
indicator  diagrams,  one  when  the  dynamo  is  at  work,  the  other 
when  the  dynamo  is  thrown  out  of  gear,  the  difference  being  as- 
sumed to  represent  the  horse-power  absorbed  by  the  dynama 

(6.)  Brake  Method, — The  friction  brake  of  Prony  is  well  known 
to  angineers,  but  the  same  can  hardly  be  said  of  the  more  recent 
forms  of  friction  dynamometers.  Various  improvements  have 
been  introduced  in  detail  from  time  to  time  by  Poncelet,  Appold, 
and  Deprez.  In  Prony 's  method  the  work  is  measured  by  clamping 
a  pair  of  wooden  jaws  round  a  pulley  on  the  shaft ;  the  torque  on 
the  jaws  being  measured  directly  by  hanging  weights  on  a  pro- 
jecting arm  with  a  sufficient  moment  to  prevent  rotation.  If  p 
is  the  weight  which  at  a  distance  I  from  the  centre  balances  the 
tendency  to  turn,  then  the  friction  force  /  multiplied  by  the 
radius  r  of  the  pulley  will  equal  p  multiplied  by  I. 

This  may  be  written, 

Torqfie=/rs*pl. 


From  which  it  follows  that 


r 


If  n  be  the  number  of  revolutions  per  second^  then  S  «*  n  is  the 
number  of  radians  per  second,  or  in  other  words,  the  angiili^r 
velocity,  for  which  we  use  the  symbol  «,  and  2  ^r  n  r  is  the  linear 
velocity  v  at  the  circumference.  Now  the  work  per  second,  or 
power,  is  the  product  of  the  force  at  the  circumference  into  the 
volocity  at  the  circumference,  or 


fJO 


=fv=^.  27tnr=^27tnpL 


If  p  is  measured  in  pounds^  weight,  and  I  in  feet,  then,  remem- 
bering that  550  foot-pounds  per  second  go  to  one  horse-power,  we 
have^ 

horse-power  absorbed  =    ^f/^  ; 

550 

or,  if  p  is  expressed  in  grammes'  weight,  and  I  in  centimetres,  it 
must  be  divided  by  7*6  X  10"  to  bring  it  to  horse-power. 

The  latter  improvements  imported  into  the  Prony  brake  are  of 
great  importance.  Poncelet  added  a  rigid  rod  at  right  angles  to 
the  lever,  and  attached  the  weights  at  the  lower  end.    Appold 
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gubstituted  for  the  wooden  jaws  a  steel  strap,  giving  a  more 
equable  friction,  and  therefore  having  less  tendency  to  vibration. 
Raff drd  ^  substituted  a  belt  differing  in  breadth,  and  therefore 
offering  a  variable  coefficient  of  friction,  according  to  the  amount 
wrapped  round  the  pulley.  Further  modifications  of  this  kind 
of  brake  dynamometer  have  been  made  by  Professor  James 
Thomson,  Professor  Unwin,  M.  Carpentier,  and  by  Professors 
Ayrton  and  Perry.  The  friction  of  a  turbine  wheel  was  also  ap- 
plied as  a  dynamometer  brake  by  the  late  W.*Froude.  Professor 
Alex.  B.  W.  Kennedy  has  obtained  excellent  results  from  the  use 
of  a  rope  brake. 

As  all  these  brake  dynamometers  measure  the  work  by  destroy- 
ing  it,  it  will  be  seen  that  though  they  are  admirably  adapted  to 
measure  the  work  furnished  by  a  motor,  they  cannot,  except 
indirectly,  be  applied  to  measure  the  work  supplied  to  a  dynamo. 
Some  experience  in  working  with  these  machines  is  essential  if 
reliable  results  are  to  be  obtained ;  but  with  the  more  modem 
forms  of  instruments,  such  as  those  of  Poncelet  and  Eaffard,  the 
results  are  very  good.  The  great  secret  of  success  is  to  keep  the 
friction  surfaces  well  lubricated  with  an  abundant  supply  of  soap 
and  water. 

Probably  the  most  accurate  method  of  measuring  power  by 
absorbing  it  is  to  use  as  brake  a  dynamo  of  high  and  known  effi- 
ciency on  a  load  of  lamps,  the  output  being  measured  by  ampere- 
meter and  voltmeter. 

(c.)  Dynamometer  Method. — The  Prony  brake  was  styled  above 
a  brake  dynamometer  ;  but  the  true  dynamometer  for  measuring 
transmitted  x)ower  does  not  destroy  the  power  which  it  mea§ures. 
Transmission  dynamometers  maybe  divided  into  two  closely  al- 
lied categories  :  those  which  measure  the  power  transmitted  along 
a  belt,  and  those  which  measure  power  transmitted  by  a  shaft. 

In  the  case  of  transmitting  power  by  a  belt,  the  actual  force 
which  drives  is  the  difference  between  the  pull  in  the  two  parts 
of  the  belt.  If  F'  is  the  pull  in  the  slack  part  of  the  belt  before 
reaching  the  driven  pulley,  and  F  the  pull  in  the  tight  part  of  the 
belt  after  leaving  the  driven  pulley,  then  F  —  F'  represents  the 

'  For  farther  ftccounts  of  these  Instruments  the  reader  is  referred  to 
Weisbach^s  Mechanics  of  Engineering  ;  Spons'  Dictionary  of  Engineering^ 
Article  "Dynamometer"  ;  Smith's  ]Vork-nienmring  Machines ;  a  series  of 
articles  hi  the  Electrician,  iaS5-4,  by  Mr.  Gisbert  Kapp ;  Proc,  Inst. 
Mech.  Eng,,  1877,  p.  237  (Mr.  Froude)  ;  Rep,  Brit.  Assoc,  1883  (Prof. 
TTnwln)  ;  Journ,  Soc.  Telegr,-Eng.  and  Electr.,  vol.  xii.  p.  346  (Profs. 
Ayrton  and  Perry).  See  also  Official  Report  of  the  Electrotechnical  Exhi- 
bition of  Frankfort,  1891,  for  the  brake  tests  made  on  the  turbines  at 
Lanffen. 
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nett  pun  al  the  cirDonaf  eteBee,  and  (F  —  F)  X  r  is  tlie  torque  T, 
Then  if  it  is  the  miraher  ct  rerolatiotie  per  mamd  the  aiq^ular 
velocity  «  win  be  eqml  to  3  «* «.  lliis  giroe  us  as  the  work  per 
secondf  or  power. 

As  before,  if  F  is  esqpressed  in  pounds'  weight  and  r  in  feet,  the 
expression  must  be  divided  by  550  to  bring  to  horse-power  ;  or 
must  be  divided  by  7-6  X  10*  if  the  quantities  are  expressed  in 
granmies'  weight  and  centimetres. 

A  dynamometer  which  can  be  applied  to  a  driving  belt,  and 
actually  measures  the  difference  F  —  F'  in  the  tight  and  slack 
parte  of  the  belt,  has  been  designed  by  von  Hefner  Alteneck,  and 
is  commonly  known  as  Siemens'  belt  dynamometer.^  Other 
forms  have  been  devised  by  Sir  F.  J.  Bramwell,  W.  P.  Tatham,* 
W.  Froude,  T.  A.  Edison  and  others.  Nearly  all  of  these  instru- 
ments introduce  additional  pulleys  into  the  transmitting  system^ 
causing  additional  friction. 

Much  more  satisfactory  are  those  transmission  dynamometers 
which  measure  the  power  transmitted  by  a  shaft.  In  nearly  all 
instruments  of  this  class  there  is  a  fixed  pulley  keyed  to  the  shaft, 
and  beside  it  a  loose  pulley  connected  with  it  by  some  kind  of 
spring  arraDgement,  so  set  that  the  elongation  or  bending  of  the 
spring  measures  the  angular  advance  of  the  one  pulley  relatively 
to  the  other  ;  this  angular  advance  is  proportional  to  the  trans- 
mitted torque.  To  this  class  of  instrument  belongs  the  well- 
known  dynamometer  of  Morin,  in  which  the  displacement  of  the 
loose  pulley  is  resisted  by  a  straight  bar  spring,  the  centre  of 
which  is  attached  to  the  driving  shaft.  Modifications  of  the 
Morin  instrument  have  been  devised  by  Easton  and  Anderson, 
Heinrichs,*  Ayrton  and  Perry,*  Murray,*  and  the  Eev.  F.  J. 
Smith,  of  the  Millard  Engineering  Laboratory,  Oxford.  Of  the 
last  named  instrument,  a  full  description  and  cut  were  given  in 
former  editions  of  this  book. 

(d.)  Balance  Method. — With  small  motors  there  arises  the  diffi- 
culty that  the  ordinary  means  of  measuring  the  work  they  perform 
introduce  relatively  large  amounts  of  extraneous  friction.  The 
motor  to  be  tested  is  placed  with  its  armature  spindle  between 

*  One  form  of  the  Slemena  dynamometer  is  described  by  Hopkinaon, 
Proc«  Iim(.  Meckwu.  Eng.y  1879.  A  more  modem  form  is  described  by 
8du«ter»  Bayeri9chett  Industrie-und  OemerbebUxttf  1883. 

*  Jmtm.  Fnnklin  Institute,  Not.  1886w 

*  See  mtgtnBm'iH^y  May  2,  1884,  and  Eleetricai  Rmiew^  April  30, 1884. 

*  Jovm.  Soc.  TeUgr^Eng.  OMd  SUetr.^  xiL  163,  1883.  •  JMd^  xviU.  188& 
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centres,  or  on  friction  wheels,  and  the  weight  of  the  field-magnets 
and  frame  is  very  carefully  halanoed  with  counterpoise  weights. 
In  Fig.  615,  B  D  represents  the  field-magnets  and  frame  of  the 
motor  duly  counterpoised,  and  £  is  the  armature.  When  the 
current  is  turned  on,  the  armature  tends  to  rotate  in  one  direction 
and  the  field-magnets  in  the  other ;  the  angular  reaction  being  of 
course  equal  to  the  angular  action.  I£  the  reaction  which  tends 
to  drive  the  field-magnets  round  be  balanced  by  applying  a  force 
P  (for  example  that  of  a  spring  balance)  at  the  point  C  of  the 
frame  A  B  C  D,  then  the  moment  of  this  force,  P  d,  measures  the 
torque,  exactly  as  in  the  Prony  brake.  Hence  it  will  be  seen  that 
the  motor  has  become  its  own  dy  namometer*  the  nuignetic  friction 
between  the  armature  and  the  field-magne^i  being  substituted  for 
the  mechanical  friction  between  the  pulley  and  the  jaws.    A 


Fig.  515.— Rev.  F.  J.  Smith's  Method  of  Tbstino  Motors. 

modification  of  the  balance  method,  due  to  Herman  Miiller,  con- 
sists in  swinging  the  dynamo  in  a  cradle,  pendulum  fashion,  from 
the  driving  shaft,  and  estimating  the  power  absorbed  by  the  dis- 
placement from  the  vertical  line. 

M.  Marcel  Deprez  and  Professor  C.  F.  Brackett  have  proposed 
to  apply  the  balance  method  to  dynamos  in  action.  Professor 
Brackett  places  the  dynamo  in  a  sort  of  cradle,  balanced  on  centres 
that  lie  in  the  axis  of  rotation,  and  measures  the  torque  between 
the  armature  and  field-magnets,  and  multiplying  this  by  the 
angular  velocity  2  t  n,  obtains  the  value  of  the  power  transmitted 
to  the  armature. 

All  these  several  dynamometric  methods  necessitate  the  use  of 
a  speed-indicator  to  count  the  number  of  revolutions  n,  which 
enters  as  a  factor  into  the  calculation  of  horse-power.  The 
number  of  revolutions  per  second  n  being  known,  the  angular 
velocity  o  -^  2'^  n  can  be  calculated.     This  only  requires  to  be 
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multiplied  by  the  torque  T  —  F  r  give  the  power  or  work-per- 
second  w.    And  if  T  is  expressed  in  pound-feet,  then, 

horse-power  =      ;*        =  —- . 
^  650  650 

(c.)  Electrical  Methods. — There  are  several  varieties  of  this 
modern  method  of  testing,  and  they  involve  the  use  of  two 
or  in  some  cases  three  machines.  Two  machines,  one  to  act 
as  generator,  the  other  as  motor,  are  connected  together  both 
electrically  and  mechanically,  so  that  the  power  is  circulated 
between  the  two  machines,  passing  from  generator  to  motor 
electrically,  and  returned  from  motor  to  genemtor  mechani- 
cally. The  power  given  out  by  the  generator  machine,  and 
that  absorbed  by  the  motor,  are  measured  electrically.  In 
the  original  plan  of  Dr.  J.  and  E.  Hopkinson,^  the  small 
additional  po\Ver  required  to  drive  the  generator  was  supplied 
by  a  steam-engine  and  measured  mechanically  by  a  dynamo* 
meter.  By  thus  circulating  the  power  it  is  possible  to  test  a 
pair  of  machines  at  say  600  horse-power  each,  using  only  a  50 
horse-power  steam-engine.  Modifications  of  this  method  for 
the  purpose  of  obviating  all  mechanical  measui'ements  have 
been  suggested  by  Lord  Rayleigh,^  Major  Cardew,^  whose 
method  dates  from  1882,  M.  Menges,*  Mr.  Ravenshaw*  and 
Mr.  Swinburne. 

All  these  methods  are  far  more  accurate  than  the  rough 
mechanical  methods  of  earlier  date,  and  each  has  its  ad- 
vantages,  but  Hopkinson's  method  requires  two  similar 
machines,  and  Cardew's  requires  three  machines,  one  of  which 
must  be  powerful  enough  to  run  the  other  two.  In  Swinburne's 
method  the  loss  of  power  due  to  resistance  of  conductor  is 
calculated,  and  this  deducted  from  the  whole  loss  of  power  in 
the  machine  gives  the  "  stray  power  "  made  up  of  losses  due 

»  Phil.  Trans.,  1886,  il.  847.    See  also  ElecMcian,  xvi.  347,  1886 ;  and 
Electrical  Review,  xviii.  207  and  230,  1886. 
«  Electrical  Review,  xviii,  242,  1886. 
»  Ibid.,  xix.  464, 1886  ;  and  Electrician,  xvil.  410, 1886;  andxxi.  275,  1887. 

*  Electrician,  xvi.  871,  1886. 

*  Electrical  Review,  xix.  424  and  437,  1886. 

*  IMd    xxi.,  181  and  215,  1887. 
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to  eddy-currents,  friction  and  magnetic  hysteresis,  which  are 
thus  measured  together.  This  stray  power  is  determined  by 
using  the  machine  as  a  motor,  the  field-magnets  being  sepa- 
rately excited  so  that  the  armature  has  the  same  magnetic 
induction  as  at  full  load,  the  electromotive-force  applied  to  it 
being  such  as  to  drive  it  at  its  normal  speed.  Only  .a  small 
generating  dynamo  is  required  to  furnish  the  current  for  this. 
When  matters  are  so  arranged  that  the  machine  to  be  tested 
runs  at  its  normal  speed,  the  power  used  in  driving  the 
machines  (which  is  measured  electrically  by  taking  readings 
of  the  volts  on  the  armature  and  the  amperes  flowing  through 
It,  and  multiplying  up)  is  equal  to  the  stmy  power  at  full  load. 

An  example  may  be  useful.  Suppose  we  have  to  test  a  large  60  kilowatt 
Nhunt-wound  dynamo,  giving  500  amperes  at  100  volts  at  720  revolutions  per 
'jainute,  and  that  ra= 0*006  ohm,  and  r*  =  12  ohms,  the  lost  amperes  will  be 
100  -i-  12  =  8-5,  total  current  say  608  amperes;  hence  lost  volts  508  X  0*006 
=r  3  volts ;  whence  £  =  103  volts.  Watts  lost  in  armature  =  508  X  <^  X  0*006 
=  1548 .  Watts  lost  in  shunt  coll  =  100  X  100  -f- 12  =  883.  Now  arrange  any 
small  dynamo,  of  say  2  H.P.,  to  give  out  current  at  103  volts;  and  from  this 
run  the  large  dynamo  that  Is  to  be  tested,  as  a  motor,  witli  no  other  load  than 
its  own  friction,  hysteresis  and  eddy-currents.  It  will  run  under  720  revolu- 
tions, since  with  such  small  current  its  armature  produces  no  demagnetizing 
action  to  quicken  it  up.  Therefore  add  some  resistance  to  its  shunt  till  it 
comes  up  to  speed.  Then  measure  the  current  it  Is  taking;  this  multiplied 
by  E  gives  the  stray  power.  Suppose  it  takes  9  amperes,  then  the  stray 
power  is  103  X  ^  =  ^7  watts.  We  may  at  once  reckon  out  the  efficiencies. 
The  losses  now  known  are  1548  +  833  +  927  =  3308.  Add  this  to  the  50,000 
Watts  of  nett  output,  and  we  get  the  gross  output  53,308.  Hence  we  have 
the  following : — 

Gross  efficiency  =  ^^  =  98-3  per  cent. 

Electrical  efficiency  =•  ^^  =  95-5        " 

^       52381 

Kett  efficiengy  -  5??2?  «  93-8       " 

"^       63308 

• 

Mr,  Eapp  ^  has  devised  a  method  of  testing  which  permits 
the  commercial  or  nett  efficiency  to  be  determined  electrically 
with  far  higher  accuracy  than  is  possible  with  any  mechanical 
dynamometer.  It  requires  two  machines  of  nearly  equal  power, 
one  G  to  run  as  generator,  the  other  M  as  motor;  together  with 
a  small  auxiliary  machine  X  of  normal  voltage,  to  which  the 

'  See  MectricoX  Sngineer,  Jan.  22,  1892,  and  ElectriciaHj  July  5, 1895,  319. 
Vol.   4— X 


760 


Dyftamo- Electric  Machinery. 


other  two  are  coupled  in  parallel,  Fig.  616.  The  armatures  of 
G  and  M  must  also  be  coupled  together  mechanically,  and  the 
field  of  M  must  be  weakened  by  use  of  a  rheostat,  so  that  it 
may  run  as  a  motor.  X  gives  the  current  necessary  for  excit- 
ing and  for  making  up  the  difference  between  the  currents  in 
G  and  M.  Insert  an  amperemeter  from  one  brush  of  G  to  one 
of  M  to  measure  the  current.  Take  a  reading  of  the  G 
current  when  the  auxiliary  current  is  led  in  on  the  right,  and 
another  reading  of  the  M  cuiTcnt  when  the  auxiliary  current 
is  led  to  the  left.  As  the  volts  are  the  same  in  each  case, 
the  ratio  of  the  two  currents  is  the  efficiency  of  the  combina- 
tion of  the  two  machines ;  and  the  square  root  of  the  ratio  of 
the  two  readings  is  the  efficiency  of  either  machine. 


Fig.  516.— Kapp's  Method  of  Testing  EFFicnsNCY. 


Testing  Separate  Losses. — In  the  preceding  paragraph  no 
distinction  wiis  made  between  the  three  sources  of  loss  which 
go  to  make  up  the  stray  power,  namely,  friction,  eddy-currents 
and  hysteresis.  It  was  indeed  possible  to  separate  the  eddy- 
current  loss  from  the  others  by  making  experiments  at 
different  speeds,*  because  the  eddy-current  loss  increases  pro- 
portionately to  the  square  of  the  speed,  whilst  the  other  losses 
are  approximately  proportional  simply  to  the  speed.  The 
power  thus  wasted  was  given  to  the  armature  by  a  motor 
and  measured  electrically.  In  1891,  a  method  of  separating 
these  losses  was   independently   published  by  Kapp^   and 

1  Joum,  Inst.  Electrical  Engineers^  xvilL  620, 1889. 
s  The  Electrician,  xxvi.  690, 189L 
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by  Housman.^  Frc>in  the  latter's  paper  is  taken  Fig.  617, 
which  shows  the  method  adopted  by  both  these  engineers. 
The  method  is  as  follows : — Let  the  field-magnet  be  separately 
excited  to  a  constant  value.  Then  measure  the  currents 
required  to  run  the  armature  as  a  motor  with  no  load  at 
different  speeds,  by  using  different  volts.  The  results  when 
plotted  out  as  a  curve  give  a  straight  line  A  B,  Fig.  517,  cut- 
ing  the  axis  of  current  above  the  origin.  A  horizontal  line 
A  D,  through  A,  divides  the  ordinates,  such  as  C  B,  into  two 
parts ;  one  C  D,  which  represents  the  losses  that  are  propor- 
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tional  to  speed ;  and  another  D  B  which  represents  those  thafc 
are  proportional  to  the  square  of  the  speed.  To  separate  fric- 
tion of  bearings  and  brushes,  the  armature  should  be  coupled 
direct  to  another  similar  machine,  the  latter  running  without 
excitation  of  magnets,  when  the  increase  of  current  needed  to 
drive  will  give  a  measure  of  frictional  loss,  and  from  this  the 
lines  E  F  and  G  H  may  be  plotted  out.  It  a  second  set  of 
observations  are  made  with  a  field  of  different  strength,  a 
second  line  A'  B'  will  be  obtained,  which  will  be  above  or 

1  Ibid.f  XX vi.  700,  1801;  also  Joum,  Inst.  Electrical  Engineer b^  xx.  206, 
189L 
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below  A  6,  according  to  whether  the  change  of  field  has  in- 
creased or  diminished  the  total  losses.  The  minimum  total 
loss  usually  occurs  with  an  excitation  that  makes  the  flux- 
density  B  ill  the  armature  about  16,000  or  16,000 ;  for  when 
the  excitation  is  pushed  further,  not  only  does  hysteresis 
become  much  greater,  but  the  eddy-currents  in  shaft  and  pulley 
due  to  the  leakage  of  magnetic  lines  are  greater.  If  the  line 
A  B  curves  upwards  at  the  higher  values,  it  shows  that  the 
eddy-currents  in  the  armature  are  producing  perceptible 
demagnetization. 

Testing  of  Combined  Plant. — It  is  usual  to  specify  for  com- 
bined plant  that  the  efficiency  of  the  combined  engine  and 
dynamo  taken  together,  on  a  run  of  several  houra  at  full  load, 
shall  reach  some  prescribed  figure;  and  that  the  steam 
consumption  per  kilowatt-hour  of  output  shall  also  not 
exceed  a  given  limit.  The  requirements  of  British  consult- 
ing engineers  have  been  for  many  years  exacting,  with  the 
result  that  manufacturers  and  contractors  ^  have  attained  to 
exceedingly  high  efficiencies. 

As  an  example  of  tests  of  a  continuous-current  combined 
plant  we  may  take  those  made  by  Professor  A.  B.  W- 
Kennedy  in  May  1893,  at  Thames  Ditton,  of  a  123  kilowatt 
shunt-wound  dynamo  by  Holmes  &  Co.,  direct  driven  from  a 
two-citink  compound  Willans  engine  (condensing)  at  335  revo- 
lutions per  minute.  During  a  six  hours'  run  with  a  load  of 
1010  amperes  at  120  volts  (or  121-5  kilowatts,  or  162-8  horse- 
power electrical  output),  steam  was  being  used  at  3314  lbs. 
per  hour,  or  27*3  lbs.  per  kilowatt  hour,  or  20-3  lbs.  per  horse- 
power hour,  of  the  nett  electrical  output.  The  internal  horse- 
power during  same  time,  as  measured  with  indicators,  was 
190-2,  giving  an  efficiency  of  85-6  per  cent.  The  steam  used 
per  horse-power  indicated  was  17*4  lbs.  The  rise  of  tempera- 
ture at  the  end  of  the  run  was  found  to  be  40®  C.  above  that  of 
the  surrounding  air.  Tests  were  made  also  at  ^,  J  and  |  load, 
also  when  the  dynamo  was  run  on  open  circuit,  excited  and 
unexcited,  and  when  the  engine  was  run  alone  uncoupled. 

1  See  a  remarkable  paper  by  Mr.  R.  £.  Crompton,  Proc.  Inat,  ClvU 
Engineers,  yoL  cvL  180i. 
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The  results  are  plotted  out  in  the  accompanying  diagram.  Fig. 
518.  When  worked  out  in  detail  it  appears  from  these  tests 
that  the  efficiency  of  the  engine  by  itself  is  89*5  per  cent. ; 
that  of  the  dynamo  by  itself  95*6  per  cent. 

The  elaborate  tests  of  Pai*sons'  steam  turbine  (p.  625), 
made  by  Professor  Ewing  in  1892  showed  a  steam  consump- 
tion of  27  to  28  lbs.  per  kilowatt  hour  at  full  load,  and  of  30 
to  32  lbs.  per  kilowatt  hour  at  half  load  ;  still  higher  results 
being  claimed  for  the  recent  steam  turbines  of  larger  size. 


Hrffoy. 


»^       40^     (M        40       no 

Fia.  518.— Test  op  Holhes-Woxans  Combd^ed  Plant  (Kennedy) 


An  elaborate  arrangement  of  speed-cones  for  dynamo-testing,  designed 
by  Prof.  Ayrton,  is  described  in  Industries^  June  22, 1888.  For  detailed 
aocoonts  of  tests  on  dynamos  the  reader  is  referred  to  the  following 
sources  i— Report  of  Committee  of  Franklin  Institution,  1878  ;  Official 
Report  of  Munich  Electric  Ejchibition,  1882 ;  also  Prof.  W.  G.  Adams' 
Inaugural  Address,  Journal  of  Society  of  Telegraph-Engineers  and 
Electricians,  xiv.  4,  1885;  also  Reports  of  Electrical  Exhibition  at 
Philadelphia,  1884,  published  in  Journal  of  the  Franklin  Institu- 
tion, 1885 ;  tests  of  arc-lighting  dynamos  at  Melbourne  Exhibition,  by 
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K.  L.  Murray,  Journal  Intiitution  Electrical  Engineers,  xviiL,  1889;  testa 
of  dynamos  (Desroziers,  Edison,  Gramme,  &c.)  at  Paris  Exhibition  ol 
1889,  by  A.  Minet,  La  Lamiire  £lectrique,  xxxy,  1889  ;  tests  on  Stanley 
Arc  Alternator  by  Duncan  and  Hassen,  Eleetrician^  xxvL,  Jan.  1891 ; 
tests  of  a  Groolden  dynamo  and  Willans  engine,  separating  the  losses,  ii>, 
xxvl,  p.  86.  1890 ;  tests  of  aWenstrdmdynamo,  separating  the  losses,  by 
Duncan,  Electrical  Jieview,  xxvi.  116,  Jan.  1890 ;  papers  on  Gauses  of 
Losses,  by  Htunmel,  in  ElektroteehniscJie  Zeitschrift,  TliL  1887,  and  xii 
1891.  At  the  Frankfort  Exhibition  of  1891,  very  careful  tests  were  made 
of  numerous  machines  under  very  favorable  conditions.  These  are 
detailed  in  the  second  volume  of  the  CffldcU  Beport,  publlahed  ^ 
Frankfort  in  1898. 
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CHAPTER  XXXI. 

KANAGEHENT  OF  DTKAH08. 

Thib  chapter  is  devoted  to  three  topics  : — (1)  The  coapUng  o( 
two  or  more  dynamos.  (2)  Qeneral  fiistniotioDS  in  use  qH  djriui- 
moB.    (3)  The  diseases  of  dynamos. 

On  Coupling  Two  on  Mors  Dyitamob  m  Omc  Cmourr. 

It  is  sometimes  needful  to  couple  two  or  more  dynamos  together 
BO  that  they  may  supply  to  a  circuit  a  larger  quantity  of  electric 
energy  than  either  could  do  singly.  Thus  it  may  occur  that  two 
dynamos,  neither  of  which  can  safely  carry  a  greater  current 
than  1000  amperes,  are  required  to  supply  jointly  a  2000-ampere 
current :  or  two  machines,  each  of  which  can  run  at  60  volts, 
are  required  to  furnish  an  electromotive-force  of  ISO  volts.  Sim- 
ple as  these  cases  may  seem,  it  is  not  bo  easy  to  carry  them  out, 
because  it  depends  upon  the  construction  of  the  machine,  and 
especially  upon  the  mode  of  excitation  of  the  field  magnets, 
whether  they  can  be  coupled  tc^ether  without  interfering  with 
each  other^s  running.  For  it  may,  and  does,  occur  that  if  not 
rightly  arranged,  one  machine  will  absorb  energy  from  the  other 
and  be  driven  as  a  motor  instead  of  adding  anything  to  the 
energy  of  the  circuit. 

CowpLxng  Co^inwAJus-iywrTeni  Machines  in  Series,  —  Series- 
wound  dynamos  may  be  united  in  series  with  one  another  for  the 
purpose  of  doubling  the  electromotive-force.  Thus  two  Brush 
machines,  each  working  at  10  amperes,  and  each  capable  of 
working  6  arc-lamps,  may  be  joined  in  one  circuit  with  12  aro- 
lamps  in  series.  The  only  needful  precaution  is  to  see  that 
the  +  terminal  of  one  machine  is  joined  to  the  —  terminal  of 
the  other*  precisely  as  with  cells  of  the  battery.  Shunt- 
wound  dynamos  may  also  be  coupled  in  series,  though  the 
arrangement  is  not  good  unless  the  two  shunt  coils  are  also  put 
hi  series  with  one  another,  bo  as  to  form  one  long  shunt  across 
the  circuit.    Oompound-wound  dynamos  may  be  connected  in 
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series  with  one  another,  provided  the  shunt  parts  of  the  two  are 
connected  as  a  single  shunt,  which  may  extend  simply  across  the 
two  armatures  (douhle*  short-shunt),  or  may  he  a  shunt  to  the 
external  circuit  (double  long-shunt),  or  may  be  a  mixture  of  lic»ig 
and  short  shunt.  The  same  considerations  apply  to  more  thaa 
two  machines.  The  coupling  of  alternate-current  dynamos  is 
considered  in  Chapter  XXIV. 

Coupling  Dynamos  in  Parallel. — Dynamos,  to  run  well  in  par- 
allel without  any  special  coupling  devices,  should  have  a  falling 
characteristic  (see  p.  212),  for  if  the  characteristic  rises,  then  the 
machine  yielding  the  greatest  share  of  the  current  will  have  its 
electromotive-force  increased  thereby  and  will  yield  more  and 
more  current  until  it  takes  all  the  load  and  drives  the  other 
machines  as  motors.  If,  on  the  other  hand,  the  electromotive- 
force  falls  with  an  increase  of  current  the  load  is  automatically 
divided  between  the  machines.  It  is,  of  course,  possible  for 
a  machine  to  have  a  rising  characteristic  when  run  at  a  perfectly 
constant  speed,  and  yet  through  the  slowing  of  the  engines  with 
increased  load  the  characteristic  of  the  combined  plant  may  be  a 
falling  one.  In  such  a  case,  where  each  dynamo  is  driven  by  a 
sepeuBte  engine  parallel  working  would  be  possible.^ 

Simple  shunt  machines  always  have  a  falling  characteristic  and 
therefore  there  is  no  great  difficulty  in  running  them  in  parallel, 
as  indeed  is  done  on  a  large  scale  every  day  in  central  lighting 
stations.  The  chief  precaution  to  be  taken  is  that,  whenever  an 
additional  dynamo  has  to  be  switched  into  circuit,  its  field  must  be 
turned  on,  and  it  must  be  run  at  full  speed  before  its  armature  is 
switched  into  connection  with  the  mains,  otherwise  the  current 
from  the  mains  will  flow  back  through  it  and  overpower  the 
driving  force.« 

Two  series  dynamos  cannot  be  coupled  in  parallel  in  a  circuit 
without  a  slight  rearrangement,  otherwise  they  interfere.  For, 
suppose  one  of  them  to  fall  a  little  in  speed,  so  that  the  electro- 
motive-force of  one  machine  is  higher  than  that  of  the  other 
machine  with  which  it  is  in  parallel,  the  machine  having  the 
higher  electromotive-force  will  then  drive  a  current  in  the  wrong 
direction  through  the  other  machine,  reversing  the  polarity  of  its 

1  Sayers,  Joum,  Inat,  Elec.  Engs,^  xxiv.  137,  1895. 

^See  Burstyn,  in  the  Zeitachrift  fur  angevoandte  ElecktHcttatslehre, 
1881,  p.  339,  also  Schellen  (2d  edition),  p.  717 ;  Ledeboer,  in  La  Lumfh'e 
j6lectrique,  xxvi.  210,  1887  ;  Meylan,  in  La  Lumi^e  J^lectrique,  xxvi.  379, 
1887  ;  and  Feussner,  in  Zeitschrift  fur  Elektrotecknik,  1887,  108 ;  also 
Prof.  Puffer  in  Technology  Quarterly,  v.  380,  1893.  See  also  the  special 
mode  devised  by  S.  S.  Wheeler,  U.  S.  Patent,  No.  335,048  of  1886. 
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field-magnetB  and  driving  it  as  a  motor.  To  obviate  this, 
Gramme  made  the  suggestion  that  the  machines  should  be 
coupled  in  parallel  at  the  brushes  as  well  as  at  the  terminals. 
This  is  shown  in  Fig.  619.  The  terminals  Ti  Ti  of  one  machine 
are  respectively  joined  to  Tt  T^  of  the  second  machine,  and  a 
third  wire  joins  Bi  with  B,.  Triple- 
pole  switches  are  convenient.  If  ^^.^ 
both  machines  are  doing  precisely  ^^^^1  1^  vkOQ  QQ/T^' 
equal  work,  there  will  be  no  current  >*^^! 
through  the  wire  Bj  B,.  If  either 
machine  falls  behind,  part  of  the  cur- 
rent from  the  other  machine  will 
flow  through  Bi  B|  and  help  to  main- 
tain the  excitement  of  the  magnets 
of  the  weaker  machine.  This  effect- 
ually   prevents    reversals.    Another        Fig.  519 -Coupijojo  op 

X   ^    t  1  •       A  Two  Series  Dynamos 

method  of  coupling  two  series  ma-  .    „ 

IN  Parallel. 
chines  is  to  cause  each  to  excite  the 

other's  fleld  magnetism.    This  equal- 
izes the  work  between  the  two  machines. 

Coupling  of  Compound  Dynamos  in  Parallel. — In  working 
compound  dynamo  machines  in  parallel  circuit,  some  difficulty 
has  been  found,  on  account  of  their  tendency  to  behave  in  the 
same  manner  as  series-wound  machines.  Mr.  Mordey  first 
pointed  out  that  the  difficulty  might  be  pvercome  by  connecting 
the  parallel  machines  in  such  a  way  that  not  only  are  the  shunt 
portions  of  the  field  magnets  in  parallel  circuit,  but  the  series 
circuits  of  the  field  magnets  are  also  a  shunt  on  one  another  ;  in 
other  words,  by  connecting  the  brushes,  as  well  as  the  terminals, 
in  parallel  circuit,  precisely  as  Gramme  has  done  for  series- 
woiind  machines. 

In  Fig.  520,  Ai  Aj  are  the  armatures  of  two  compound  dyna- 
mos, Ti  Ti  and  T,  Tj  are  the  terminals  ;  the  wire  Bi  B,  acting  in 
conjunction  with  the  lead  Tj  T«  on  the  left,  puts  the  armatures  in 
parallel.  The  dynamos  should  each  be  furnished  with  a  switch 
8  in  the  shunt  circuit  ;  they  should  each  also  have  a  switch  m  in 
their  main  circuit  between  the  armature  part  and  the  point 
where  the  shunt  circuit  joins  on,  so  that  the  armature  part  may 
be  interrupted  without  interrupting  the  shunt  circuit.  The  con- 
necting wire  from  brush  to  brush,  which  should  be  at  least  as 
thick  as  the  mains,  should  also  be  furnished  with  a  switch  z, 
suppose  dynamo  No.  1  is  at  work  alone,  its  two  switches  8  m,, 
will  be  closed.  If,  now,  dynamo  No.  2  is  to  be  thrown  in,  the 
following  order  must  be  observed.    First  get  up  the  speed  of 
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No.  %  to  its  full  value,  then  close  9%,  then  z  ;  this  will  fully  excite 
its  magnetism  ;  lastly,  dose  tfif.  When  Na  B  has  to  be  thrown 
out  of  circuit  the  order  must  be  exactly  reversed  :  first  open 
lilt ;  then  z  ;  then  s% ;  lastly  ^  slow  down  the  machine.  A  special 
combination-switch,  which  will  perform  these  successive  opera- 
tions in  their  proper  order,  is  desirable. 

When  compound  dynamos  are  connected  in  this  way/  they 
work  quite  satisfactorily,  and  exercise  a  considerable  power  of 
mutual  adjustment ;  for  any  increase  in  the  current  from  one 
machine  is  divided  equally  among  the  series  coils  and  does  not 
raise  the  electromotive-force  of  one  machine  more  than  anoQier. 


<^     <}>     LAMPS  <{>    ^    <{>     ^ 


YiQi.  &20.— OouPLiNa  OF  Two  Compound  Dtnimos  m  Pabauuel. 

Not  only  does  this  control  exist  with  similar  compound  dyna- 
mos, but  it  may  be  relied  on  when  the  dynamos  are  unlike  in 
sise,  power  and  speed.  For  instance,  large  and  powerful  ma- 
chines may  be  worked  in  parallel  circuit  with  smaller  machines 
of  various  powers,  and  each  will  do  its  proper  share  of  the  work. 
The  resistance  of  the  series  coil  of  each  machine  must,  in  this 
ease,  be  adjusted  so  that  the  division  of  the  current  among  the 
ooils  is  in  proportion  to  the  powers  of  the  machines.  If  the 
switch  z  is  permanently  kept  closed  the  effect  is  to  make  the 
excitati<m  of  the  field  of  all  the  machines  depend  upon  the  total 

^  The  method  proposed  by  M.  Ledeboer  in  La  Lwnibre  "tlectrique,  xztL 
210,  1887,  is  practically  identical  with  the  above. 
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0utput  of  the  Btation,  and  thus  it  is  poesible  to  compensate  for  a 
drop  in  volts  which  takes  place  in  the  mains. 

The  usual  practice  in  Ehiglish  central  stations,  supplying  con* 
tinuous  current  is  to  employ  simple  shunt  d3mamo8  regulated  by 
hand. 

The  parallel  running  of  alternate-current  dynamos  is  consid- 
ered in  Chapter  XXIV. 

GSNVRAL  iNSTRUCrriONS  IN  USB  OF  DnTAJfOS. 

Position  of  Dynamo.^lh»  place  chosen  should  be  dry,  free 
from  dust  and  preferably  where  a  cool  current  of  air  can  be  had. 
It  should  allow  sufficient  room  for  a  belt  of  proper  length,  unless 
the  dynamo  is  direct-driven. 

Ffmndatums, — ^It  is  most  important  to  secure  good  foundations 
for  every  dynamo  ;  and  if  the  dynamo  is  directrdriven,  but  is 
not  on  the  same  bed-plate  as  the  engine,  a  foundation  large 
enough  for  both  together  should  be  laid  down.  Stone  or  concrete 
may  be  used,  or  brick  built  with  cement,  having  a  large  thick 
stone  bedded  at  the  top.  For  small  dynamos  the  holding-^lown 
bolts  may  be  set  with  lead  or  sulphur  in  holes  in  the  stone  top ; 
but  for  large  dynamos  the  bolts  should  be  long  enough  to  pass 
right  down  to  the  bottom,  where  they  should  be  secured  into  iron 
plates  built  in.  If  long  holes  are  left  in  the  foundations  for  the 
holding-down  bolts,  they  should  be  ffiled  in  with  thin  cement 
after  the  latter  have  been  put  in  place. 

Sliding  Bails. — All  belt-driven  dynamos  ought  to  be  provided 
with  tightening  gear  to  take  up  the  slack.  If  the  dynamo  is  not 
provided  with  sliding  rails  under  its  bed-plate,  and  tightening 
screws,  the  less  desirable  method  of  employing  a  tenting  pulley^ 
as  in  Plate  IX.,  may  be  used.  In  any  case  the  bed  for  the 
dynamo  must  be  quite  level,  and  its  sha£t  set  properly  parallel 
with  the  driving  pulley. 

Setting  up. — Before  setting  up  any  dynamo  or  motor  which  has 
been  long  unused,  or  has  been  exposed  to  changes  of  climate, 
it  should  be  kept  for  a  few  days  in  a  warm  and  dry  place.  For 
the  insulation  materials  are  liable  to  absorb  damp  that  can  only 
be  slowly  dried  out.  Nothing  is  more  likely  to  cause  a  break- 
down than  to  attempt  to  run  a  machine  that  is  not  thoroughly 
dry. 

Before  StarHng, — Examine  the  dynamo  before  it  is  set  running 
lor  the  first  time.  Remove  caps  of  bearings  and  clean  them  and 
ttie  journals.  Beplaoe  them,  but  do  not  screw  up  too  tightly. 
See  that  lubricators  are  filled,  and  the  drip  properly  adjusted. 
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Where  the  bearings  are  self-oiling  see  that  the  oiling  ring  works 
properly.  Use  copper  oil-cans.  Turn  the  armature  round  by 
hand  to  see  that  nothing  catches  and  no  loose  wires  or  waste  are 
adhering  to  it.  Clean  up  the  conunutator  with  the  finest  glass- 
paper,  and  note  carefully  that  no  dirt  or  copper-dust  is  lodged 
between  the  bars  iA  the  conunutator.  A  stiff  dry  hog-brush  will 
be  useful  here.  See  that  the  brush-holders  work  rightly,  and 
the  hold-off  catches,  if  any,  are  in  order.  See  that  each  brush  is 
properly  trimmed  (i.  e.  filed  off  at  the  proper  bevel  at  the  ends. 
Some  makers  provide  a  special  tool  to  guide  the  file  at  the  proper 
angle).  Adjust  the  brushes,  first,  by  clamping  them  very  firmly 
in  their  holders,  so  that  they  protrude  to  the  proper  length. 
For  this  purpose  many  makers  provide  a  holder  with  a  pointer, 
as  at  P  on  Plate  III.)  Adjust  them,  secondly,  so  that  they  bear 
with  a  moderate  but  firm  pressiure  on  the  commutator.  See, 
thirdly,  that  when  so  pressing,  they  bear  in  the  right  positions. 
For  2-pole  dynamos  the  brushes  should  bear  on  precisely  oppo- 
site bars  of  the' commutator.  For  4-pole  dynamos  they  bear  on 
bars  that  are  a  quarter  of  the  circumference  apart.  (It  is  cus- 
tomary for  makers  to  mark  two  of  the  commutator  bars  with  a 
centre-punch  so  that  this  adjustment  may  be  verified.)  If  there 
are  two  or  more  positive  brushes  abreast,  try  to  arrange  them  so 
that  the  gaps  between  them  are  opposite  the  negative  brushes  so 
that  the  commutator  will  wear  evenly.  (It  is  well  to  shift  the 
position  of  the  brushes  longitudinally  from  time  to  time.)  Then, 
having  verified  these  adjustments,  remove  aU  spanners  and 
loose  pieces  of  iron  from  the  vicinity  of  the  field -magnets.  If 
there  is  any  fear  of  the  dynamo  being  started  in  the  wrong  direc- 
tion, it  is  well  that  the  brushes  should  be  only  lowered  after 
starting.  The  current  should  always  be  turned  off  before  the 
brushes  are  raised,  otherwise  a  destructive  spark  will  spoil  the 
commutator. 

It  is  necessary  that  carbon  brushes  should  be  very  carefully 
fitted  to  the  curvature  of  the  commutator.  One  way  of  doing 
this  is  to  paste  round  the  commutator  a  strip  of  fine  glass-paper 
and  run  the  dynamo  with  the  brushes  in  their  normal  position, 
until  the  ends  are  worn  down  to  the  right  shape.  Carbon  brushes 
upon  the  whole  give  less  trouble  than  copper  brushes,  as  they 
do  not  wear  the  commutator  so  much  nor  do  they  spark  so 
readily.  A  carbon  brush  should  be  free  from  the  slightest  suspi- 
cion  of  a  crack  or  fiaw,  and  a  **  glass-hard  "  corner  should  not 
be  allowed  to  come  in  contact  with  the  commutator. 

The  brushes  being  adjusted  and  lubricators  filled,  see  that  the 
connections  are  right,  and  the  terminals  tightly  screwed  down. 
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Bring  the  machine  up  to  speed  slowly,  keeping  a  sharp  look-out 
for  anything  that  may  he  wrong,  and  he  ready  to  slow  down  at 
any  instant.  Do  not  raise  a  hrush  without  having  turned  off  the 
current  unless  there  are  two  or  more  brushes  side  by  side.  If  the 
machine  is  shunt-wound  it  will  at  once  excite  itself,  though  the 
main  switch  is  still  open.  If  the  dynamo  is  for  supplying  glow- 
lamps,  do  not  on  any  account  turn  on  the  main  switch  until  you 
see  whether  the  qiachine  is  giving  the  right  volts,  or  you  may 
ruin  all  your  lamps.  For  if  the  speed  is  too  high,  the  volts  may 
be  too  high.  A  pilot  lamp  or  a  voltmeter  will  tell  you  if  all  is 
right.  Then,  before  you  turn  on  the  main  switch,  observe  the 
brushes  to  see  if  there  is  any  sparking.  If  there  is  any  sign  of 
sparks,  rock  the  brushes  forward  or  backward  till  a  sparkless 
place  is  found.  Not  until  then  should  the  main  switch  be  turned 
and  the  lamps  lit. 

Daily  Attention. — It  is  of  the  utmost  importance  to  keep  a 
dynamo  scrupulously  clean.  A  cotton  rag  should  be  used  In 
preference  to  waste^  as  the  latter  leaves  loose  ends  sticking  to 
pcurts  where  it  is  objectionable.  An  air-blast  is  used,  by  the 
Westinghouse  Co.  for  getting  rid  of  dust.  Besides  daily  lubrica- 
tion, attention  must  be  given  to  the  brushes  to  see  if  they  i*equire 
to  be  fed  forward  or  trimmed.  The  conunutator  should  not  be 
oiled,  but  only  wiped  with  a  clean  oily  rag  or  a  piece  of  cotton 
cloth  {not  waste)  smeared  with  vaseline.  (This  reservation  does 
not  apply  to  €u:c-light  dynamos  with  special  commutators  with 
wide  air-gaps,  which  may  be  oiled  freely.)  Do  not  let  the  oil 
creep  on  parts  that  do  not  require  it.  Oil  is  apt  to  spoil  the  in- 
sulating materials  by  rotting  the  varnish,  and  affording  a  lodg- 
ment for  dirt  and  for  the  fine  copper  dust  that  flies  from  the 
brushes.  Also,  if  oil  gets  to  the  commutator  it  will  char  under 
the  brushes,  forming  a  carbonaceous  film  between  the  commu- 
tator bars,  inviting  a  short-circuit.  This  fault  is  less  likely  to 
occur  when  mica-insulation  is  used  than  when  asbestos  or  paper 
is  employed.  It  has  been  observed  that  the  brushes  wear  and  heat 
unequally  :  the  positive  brush  wearing  faster  than  the  negative. 
But  this  is  unimportant.  If  there  is  solder  on  the  brushes, 
care  should  be  taken  that  the  soldered  part  should  never  be  used 
for  contact  on  the  commutator  ;  it  will  set  up  flashing  sparks. 

If  the  dynamo  is  driven  from  heavy  shafting,  so  that  there  is 
no  risk  of  turning  backwards  at  starting  or  stopping,  then  the 
brushes  may  always  be  left  down  on  the  commutator.  Many 
dynamos  will  spark  at  full  load  unless  the  brushes  are  rocked 
forward  beyond  the  point  that  gave  sparkless  running  on  open 
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circuit.  Sparkleas  running  is  a  vital  matter  if  the  conimutatoi 
18  to  last  long.  The  attendant  cannot  be  too  strongly  impressed 
with  the  necessity  of  proper  care  on  this  matter.  A  well-designed 
modem  dynamo,  if  propeiiy  attended  to,  will  soon  acquire  a 
beautiful  dark-polished  surface  on  its  commutator.  But  the 
commutator,  eren  of  a  good  machine,  may  be  ruined  in  a  few 
hours  by  careless  or  ignorant  handling.  If  the  brushes  press  too 
heavily  it  will  become  scored  or  ploughed  up.  If  they  press  too 
lightly,  or  if  there  is  vibration  that  causes  them  to  jump,  or  if 
they  are  allowed  to  spark,  the  commutator  will  be  worn  away  in 
patches  at  the  edges  of  some  of  the  bars,  and  lose  its  cylindricity 
of  outline.  The  only  remedy  in  this  case  is  to  carefuUy  turn  it 
or  file  it  down  true  ;  this  should  occur  very  rarely. 

In  central  stations,  and  in  all  cases  where  reliability  of  supply 
is  imperative,  the  insulation  stiould  be  tested  throughout  the 
machine  every  day.  If  the  insulation  resistance  of  any  part  has 
seriously  fallen  (even  though  it  may  still  seem  sufficiently  great) 
the  machine  should  not  be  started  until  the  cause  has  been 
ascertained  and  removed.  A  daily  insulation  test  gives  very 
good  indication  of  the  dryness  and  cleanliness  of  the  machine. 

Diseases  of  Dynamos.^ 

At  least  four-fifths  of  the  mishaps  and  break-downs  that  occur 
with  dynamos  arise  from  causes  more  strictly  within  the  prov- 
ince of  the  engineer  than  in  that  of  the  electrician.  On  the  other 
hand,  many  of  the  mechanical  faults  that  develop  themselves  in 
the  machine  might  have  been  avoided  had  the  engineer  been  pos- 
sessed of  a  better  knowledge  of  the  electric  and  magnetic  condi- 
tions which  obtain  in  the  running  of  the  machine.  It  is  not  often 
nowadays  that  armatures  fly  to  pieces.  That  disaster  has  sel- 
dom occurred  since  good  engineers  took  in  hand  the  construction 
of  dynamos.  The  points  which  it  is  difficult  for  the  ordinary 
engineer  to  grasp  are  the  mechanical  stresses  on  the  copper  con- 
ductors due  to  the  magnetic  field,  and  the  necessity  throughout 
of  preserving  proper  insulation.  All  insulation  being  mechan- 
ically bad,  he  is  apt,  in  attempting  to  give  mechanical  strength, 
to  use  the  insulating  materials  in  some  way  that  vitiates  their 

^  See  paper  by  the  aathor  in  Electrician,  xz.  82, 1887  ;  see  also  articles  In 
SlectrotechnUche  Zeitschrifi,  xi.  186,  1890  ;  Electrical  TTorW,  xlv.  99, 
184,  and  xvili.  383,  1891 ;  Crocker  and  Wheeler,  Practical  Management  of 
Dynamos  and  Motors  (Van  Nostrand,  New  York) ;  Lummis-Paterson, 
Management  of  Dynamos  (Crosby  Lockwood  and  Son,  London) ;  Parkhorstr 
*' Diseases  of  Dynamos,*'  Trans,  Amer,  Inst.  Elec.  Bng.^  18M. 
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adequacy.  For  want  of  full  electrical  information  he  may  apply 
the  insulation  in  an  erroneous  manner  and  produce  a  dynamo 
which  will  break  down  under  the  severe  conditions  of  actual 
work. 

Buming-KAd  ofArmatures, — Single  coils  of  an  armature  some- 
times get  heated  to  redness  and  burn  the  insulation.  Sometimes 
a  whole  armature  will  become  overheated,  producing  a  general 
charring.  The  latter  case  happens  more  often  to  the  armatures  of 
motors  than  to  those  of  dynamos.  For  if  any  excessive  ciurrent  is 
drawn  by  accident  from  a  dynamo,  the  torque  on  the  armature 
will  generally  become  so  great  as  to  throw  off  the  belt  or  pull  up 
the  engine.  Whereas,  with  a  motor,  if  the  armature  is  jammed 
so  that  it  cannot  turn,  an  enormous  current  will  continue  to  flow 
through  it  if  the  supply  be  not  cut  off. 

Short-circuits  in  Armatures. — ^A  short-circuit  in  the  armature  is 
usually  first  brought  to  notice  by  the  smell  of  burning  varnish. 
The  machine  should  be  shut  down  at  once,  and  the  armature  felt 
all  over  with  the  hand.  The  short-circuited  windings  can  generally 
be  detected  by  their  high  temperature,  even  if  the  varnish  is  not 
visibly  frizzled.  If  the  greater  part  of  the  armature  is  short-cir- 
cuited the  fault  is  not  so  easily  located  by  the  rise  in  temperature. 
If  an  independent  source  of  current  is  available  a  very  good  plan 
is  to  pass  a  strong  current  between  two  opposite  bars  of  the  com- 
mutator, and  compare  the  drop  in  potential  between  the  different 
pairs  of  bars.  An  intelligent  application  of  Ohm^s  law  will  generally 
lead  to  the  discovery  of  the  fault  or  faults.  For  instance,  we  know 
that  if  the  armature  is  perfectly  sound  the  fall  in  potential  on  each 
side  of  theleading-in  point  will  be  the  same,  so  that  a  galvanometer 
whose  terminsds  are  attached  to  commutator  bars  at  equal  distances 
on  each  side  of  the  leading-in  point  will  show  little  or  no  deflection. 
As  one  passes  from  bar  to  bar  the  occurrence  of  a  great  deflection 
will  immediately  point  to  a  want  of  symmetry  at  that  point. 
The  cases  that  might  arise  are  so  numerous  that  it  would  be 
useless  to  attempt  an  exposition  of  all  of  them.  The  experi- 
menter must  trust  to  his  previous  electrical  training  and  the  ap- 
plication of  common  sense.  Where  there  are  faults  to  the  iron- 
work of  the  armature  a  current  may  be  passed  from  one  of  the 
commutator  bars  to  the  ironwork,  and  a  similar  investigation 
made  of  the  drop  in  potential  between  different  bars.  Another 
method  is  to  connect  all  the  bars  of  the  commutator  together  by 
winding  wire  roimd  it  and  then  passing  a  current  from  this  wire 
to  the  ironwork.  The  armature  will  become  magnetized,  the 
poles  being  in  the  vicinity  of  the  faults. 
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A  short-circuit  between  an  imperfectly  insulated  wire  and  the 
iron  core  beneath  it  is  a  fruitful  source  of  trouble.  Not  that  any 
cme  such  contact  can  of  itself  produce  any  effect  :  but  that  if  there 
is  one  such  contact,  then,  if  a  fault  occurs  anywhere  in  the  lamp 
circuit,  there  will  at  once  be  developed  a  serious  leak  through 
earth.  Also  the  risk  of  shock  to  persons  casually  touching  6my 
part  of  the  circuit  is  greater  if  there  is  any  single  fault  in  the 
dynamo.  Some  firms — chiefly  American  ^ — prescribe  that  the 
dynamo-frame  itself  should  be  insulated  from  the  ground.  The 
author^s  experience  leads  him  to  prescribe  that  the  framework  of 
the  dynamo  should,  on  the  contrary,  be  carefully  connected  to 
earth.  If  this  is  done,  the  risk  of  accident  to  attendants — which 
is  considerable  in  the  case  of  high-voltage  machines  insulated 
from  their  bed — is  reduced  to  a  minimum.  A  contact  between 
an  armature  conductor  and  the  iron  core  may  occur  because  of 
the  iron  laminee  becoming  loose  and  wearing  through  the  layers 
of  insulation.  If  the  insulation  is  not  waterproof  and  has  got 
wet,  it  may  break  down  when  the  machine  is  run.  Sometimes 
armatures  are  destroyed  by  the  burning  of  the  insulation,  by  the 
overheating,  not  of  the  conductors,  but  of  the  iron  core.  In  such 
cases  the  core  has  not  been  properly  laminated.  The  burning  of 
binding  wires,  which  occasionally  occurs,  is  due  to  want  of  com- 
pliance with  the  sufficient  and  necessary  electrical  conditions. 

Being  pieces  of  running  machinery,  dynamos  are  liable,  as  all 
engines  cure,  to  heating  of  bearings,  if  proper  attention  is  not  paid 
to  lubrication  and  to  the  avoidance  of  needless  dirt. 

Fracture  of  Connections. — This  most  annoying  fault — the 
fracture  of  the  connecting  pieces  which  lead  down  from  the 
armature  conductors  to  the  bars  of  the  commutator — appears  to 
be  partly  mechanical  and  partly  electrical.  These  connecting 
pieces  pass  through  a  partial  magnetic  field,  and  they  carry  at 
times  strong  currents,  which  are  reversed  twice  in  e€tch  revo- 
lution. Hence  they  are  each  racked  by  lateral  forces  as  they 
rotate,  and  this  incessantly  repeated  breaks  them  off  at  last.  The 
cure  is  either  to  make  them  mechanically  very  strong,  or  of 
stranded  material,  or  to  arrange  that  they  shall  lie  outside  the 
waste  field. 

Disconnections  in  Armature, — Sometimes  a  disconnection  oc- 
curs where  the  armature  conductors  or  windings  are  coupled  up 
or  connected  down  to  the  commutator.  The  evidence  of  this  is  (i.)  a 

»  The  lightning-arresters  used  on  many  dynamos  in  the  States  are  them- 
selves a  source  of  mishaps.  If  the  dynamo-frame  is  properly  earthed  there 
is  no  need  of  a  lightning-arrester  on  the  dynamo.  Eflficient  lightning- 
arresters  should  be  fixed  outside  the  dynamo-house  where  the  overhead 
circuit  enters  it. 
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sparking  that  cannot  be  stopped  by  rocking  the  brushes  forward 
or  backward,  and  (ii.)  one  or  more  of  the  bars  of  the  commutator 
appearing  as  if  burned  at  the  edge.  One  way  ^  of  finding  the 
location  of  such  a  fault  is  to  run  the  dynamo  very  slowly  on  short- 
circuit.  Then  after  a  few  minutes'  run  stop  the  machine  and  see 
if  any  of  the  joints  of  the  connectors  are  hot ;  this  will  indicate 
a  partial  disconnection.  If  any  entire  coil  is  found  to  be  hot,  that 
is  evidence  not  of  a  disconnection,  but  of  a  short-circuit.  Any 
disconnected  coil  in  an  armature  is  very  easily  found  by  the  fall 
in  potential  method  mentioned  above.  If  the  fault  cannot  be 
remedied  at  once,  and  it  is  necessary  to  run  the  machine,  the  bar 
belonging  to  the  faulty  coil  may  be  connected  to  the  succeeding 
bar  by  a  blob  of  solder  to  stop  the  excessive  sparking  and  preserve 
the  continuity  of  the  armature. 

Flats  in  ths  Commutator. — Occasionally  one  of  the  commutator 
segments  will  become  burned  away  or  worn  down  to  a  lower 
level  than  the  rest,  or  two  adjacent  bars  may  be  similarly  affected, 
causing  a  flat  part  on  the  cylindrical  surface.  Various  suggestions 
have  been  offered  to  explain  the  origin  of  flats.  If  one  of  the 
bars  was  of  unusually  soft  copper  it  might  wear  away  faster  ;  but 
the  occurrence  is  unlikely.  A  partial  disconnection  in  the  ar- 
mature at  the  part  connected  to  the  particular  bar  of  the  com« 
mutator  will  give  rise  to  a  spark  here  at  every  half-revolution, 
so  biting  away  this  bar.  Flats  have  been  noticed  also  to  spread 
along  the  bar  from  a  flaw  at  one  spot. 

Another  undoubted  cause  of  flats  is  a  mechanically  weak  or 
defective  means  of  driving.  If  an  armature,  attached  by  a  three- 
legged  spider,  is  mounted  on  a  weak  shaft  that  bends,  it  is  pos- 
sible that  periodic  vibrations  may  occur  which  will  cause  the 
brushes  to  jump  and  set  up  sparks  at  definite  points  around  the 
commutator.  With  well-constructed  armatures,  well-balanced 
and  running  without  vibration,  there  is  little  fear  of  flats  if  the 
pressure  of  the  brushes  is  sufficient.  Whenever  a  bar  of  the 
commutator  shows  signs  of  burning  along  its  edge,  steps  should 
at  once  be  taken  to  prevent  the  development  of  a  flat.  A  fine 
file  should  be  applied  to  smooth  the  surface  of  the  commutator 
in  the  neighborhood  of  the  threatened  spot.     Or,  if  need  be,  the 

1  Another  way,  applicable  only  to  drum  armatures,  is  due  to  Loomis 
{Electrical  Engineer,  New  York,  December  1891),  and  consists  in  holding 
the  armature  by  hand  and  slowly  turning  it  round  against  the  torque  while 
supplied  with  a  current  from  some  external  source.  If  a  position  is  found 
where  it  is  easier  to  turn,  it  is  clear  that  in  this  i)osition  the  disconnection 
•tops  part  of  the  current,  su  that  the  fault  can  at  once  be  found  by  tracing 
the  connectors  which  run  from  those  bars  of  the  commutator  which  are  at 
the  brushes  in  this  position. 
Vol,    4-y 
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eommiitator  should  be  very  slightly  turned  down.  A  narrow 
tool  should  be  used  for  this  purpose,  so  as  not  to  drag  the  copper, 
and  the  surface  should  be  polished  with  very  fine  glass  paper  and 
examined  to  see  that  at  no  spot  has  the  thin  strip  of  mica  been 
bridged  over  by  a  burr  at  the  edge  of  any  of  the  bars. 

Favlts  in  Fidd-magnet  Coils. — Sometimes  faults  occur  in  field- 
magnet  coils.  These  may  be  of  two  kinds — disconnections  or 
short-circuits.  When  there  is  a  disconnection  the  machine  \^'ill 
probably  refuse  to  excite  itself.  To  make  sure,  the  suspected 
coil  should  be  disconnected  at  the  ends  and  tested.  A  cell  of 
Leclanch^  battery  and  a  simple  detector  galvanometer,  or,  failing 
this,  a  common  electric  bell,  will  suffice  to  prove  whether  the  wire  is 
continuous.  If  the  frames  on  which  the  coils  are  wound  are  loose, 
the  resulting  vibration  may  cause  the  leading-out  ends  of  the 
wires  to  snap,  perhaps  at  some  point  below  the  surface  which  cau 
only  be  reached  by  unwinding  the  coil.  A  short-circuit  between 
any  two  of  the  windings  will  have  the  effect  of  keeping  the  shoii;- 
circuited  part  cool  whilst  the  rest  of  the  coils  are  hot.  In  a  shunt 
coil,  short-circuiting  some  of  the  windings  causes  the  rest  to 
overheat  dangerously.  A  short-circuit  may  arise  between  the 
frames  or  cores  and  the  coils,  and  may  be  also  tested  for  by 
electric  bell  or  detector  as  above.  If  there  is  a  single  contact 
fault  of  this  sort  between  coils  and  ironwork  in  the  field-magnet, 
then  a  single  fault  at  any  other  point — ^armature,  commutator, 
brushes,  terminals  or  circuit — ^may  work  dire  disaster. 

Dynanw  fails  to  excite. — If  a  dynamo  fails  to  excite,  the  first* 
thing  to  do  is  to  thoroughly  overhaul  all  the  connections,  i>ar- 
ticular  attention  being  paid  to  the  direction  in  which  the  current 
should  circulate  round  the  field-magnet  coils  :  see  that  the 
brushes  are  in  their  proper  position  and  are  making  good  contact, 
and  that  the  external  circuit  is  open  if  the  machine  is  shunt- wound, 
and  closed  if  series- wound.  If  the  dynamo  still  refuses  to  excite, 
lift  the  brushes  and  excite  the  field  from  some  independent  source, 
care  being  taken  to  give  it  the  right  polarity  having  regard  to  the 
direction  of  rotation  and  the  manner  in  which  it  is  connected  up.  In 
doing  this  it  will  be  seen  whether  there  is  any  break  in  field-circuit. 

Faults  of  Alternators. — Alternators  are  liable  to  faults  of  special 
kinds.  Sometimes  they  show  a  regular  pulsating  fiicker,  timed 
exactly  to  the  revolutions  of  the  armature.  This  can  only  be  due 
to  some  double  inequality.  If  one  pair  of  poles  of  the  field-magnet 
is  weaker  than  the  rest,  and  one  of  the  armature  coils  is  defective, 
then  when  these  come  together  in  position  once  in  each  revolution 
the  current  may  show  a  momentary  drop.  Alternators  are 
usually  made  for  high  voltage,  and  are  therefore  liable  to  faults 
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of  insulation  that  might  not  occur  in  low-voltage  machines.  If 
the  two  collecting  rings  are  side  by  side  on  the  shaft,  a  spark — 
or  rather  arc — may  spring  over  from  one  to  the  other  unless  a 
high  projecting  washer  of  ebonite  is  interposed.  The  field-magnet 
is  necessarily  brought  into  proximity  with  conductors  differing 
greatly  in  potential,  and  great  care  is  required  to  prevent  these 
being  short-circuited  by  arcs  between  them  and  the  pole-pieces. 
The  peculiar  racking  action  of  the  alternating  current  on  the 
armature  coils  (see  p.  572)  is  responsible  for  many  failures  in  this 
class  of  machine. 

Vibration  and  Noise, — Excessive  vibration  can  only  be  due  to 
want  of  proper  balance  in  the  rotating  part.  Vibration  of  a  kind 
that  may,  nevertheless,  be  disastrous  to  the  dynamo,  racking  its 
conductors,  pounding  its  insulation  to  dust  and  causing  the 
brushes  to  jump  and  spark,  may  be  occasioned,  even  in  a  well- 
balanced  machine,  if  it  is  not  firmly  secured  to  a  proper  foundation. 
Cbntinuous-current  machines  should  run  practically  silently  ; 
the  belt  will  make  far  more  noise  than  any  part  of  the  dynamo. 
Alternators  do  not  usually  run  silently,  for  the  coils  of  all  disk 
armatures  chum  the  air  between  the  poles.  If  the  iron  cores  of 
the  armature  part  are  subjected  to  too  severe  a  cycle  of  magnet- 
ization they  will  emit  a  loud  humming  sound,  which  cannot  be 
cured  except  by  using  the  machine  at  a  lower  degree  of  excitation, 
being  a  defect  of  design.  Once  the  author  came  across  a  remark- 
able case  of  an  alternator  which  emitted  a  sustained  howling 
sound  of  piercing  loudness.  The  cause  in  this  case  was  the  ac- 
cidental coincidence  between  the  number  of  alternations  and  the 
natural  vibration  periods  of  some  of  the  solid  iron  parts.  It  was 
cured  by  re-fitting  the  iron  parts  so  as  to  alter  the  fulcrum  from 
which  the  parts  could  vibrate. 


APPENDIX  A. 
ON  WIRES. 

On  p.  369  were  given  some  data  respecting  the  sizes  of  wii^ 
found  suitable  in  practice  for  winding  dynamos  for  different  cur- 
rents. Other  data  are  to  be  found  in  the  detailed  descriptions  of 
various  machines  in  other  parts  of  this  book.  The  question  of 
heating  in  relation  to  current-carrying  capacity  was  also  treated 
in  Chapter  XVI.  in  some  detail. 

A  few  further  points  may  be  added  here,  founded  upon  infor- 
mation given  by  wire-makers,  and  in  particular  by  the  London 
Electric  Wire  CJompany. 

The  usual  insulation  for  round  wires  of  a  greater  diameter  than 
No.  16  S.W.G.  is  a  double  cotton  covering  which  increases  the 
diameter  by  amounts  varying  from  10  to  20  mils,  but  which 
usually  averages  14  mils.  For  smaller  sizes,  from  No.  18  to 
No.  22  S.W.G. ,  the  usual  double-cotton  covering  is  an  addition 
of  12  mils.  Square  wire  is  usually  double-cotton  covered  to  20 
mils  additional,  or  is  sometimes  braided.  Laminated  square 
wire — i.  e.  made  of  a  number  of  narrow  strips,  is  usually  braided 
to  about  an  equal  amount.  Since  stranded  wires  came  in  for 
armature  winding,  several  modes  of  insulating  have  been 
adopted,  and  one  maker  employs  a  cable  of  37  wires,  each  No.  15 
S.W.G.,  each  single  cotton  covered  ;  the  whole  being  double- 
cotton  covered  to  16  mils  additional,  or  braided  to  20  mils.  For 
transformer  windings  at  high  voltage  a  frequent  practice  is  to 
wind  a  much  thicker  cotton  insulation  for  subsequent  immersion 
in  oil.  For  example,  a  No.  23  S.W.G.  wire  is  cotton  covered  to 
40  mils  additional,  thus  nearly  doubling  the  weight  of  the  wire. 

Annexed  is  a  table  useful  in  magnet  winding,  showing  the 
probable  heating,  and  greatest  permissible  depth  of  winding  at 
various  amperages.  It  is  to  be  remembered  that  2000  amperes 
per  sq.  in.  is  a  common  density  of  current  for  field-magnets  ;  the 
density  in  armatures  runs  to  3000  or  more  ;  whilst  in  trans- 
formers the  amperage  is  as  low  as  600  or  even  450  (see  p.  371). 
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The  following  rules  which  have  been  given  by  Kapp,  are  useful 
for  preliminary  calculations  about  depth  of  winding  and  weight 
of  wire.  If  I  is  the  length  of  wire  in  inches,  D  the  depth  of 
winding-space  in  inches,  X  the  ampere-turns  of  excitation,  P  the 
perimeter  in  inches,  and  W  the  weight  of  the  coil  in  pounds,  we 
have 

where  a  is  a  coefficient  which  depends  on  the  gauge  of  wire  and 
thickness  of  its  insulation.     Also 


W 


->Ws 


1000 


[«.] 


where  ?  is  a  second  coefficient  varying  with  the  gauge  of  wire. 

These  two  formulsB  are  applicable  to  the  case  where  a  temper- 
ature-limit being  imposed  we  allow  2i  square  inches  per  watt. 
If  no  such  limit  is  imposed  and  a  given  expenditure  of  energy  is 
assumed,  it  is  more  convenient  to  replace  them  by  the  following 
formulae  : — 


.       P«X 


[ni.] 

1,000,000  D '  '^*^'^ 

The  four  numerical  coefficients  then  have  the  following  values : — 


W 


Dlam.  of  Bare  Wire 
in  mils. 

8.  W.  G. 

a. 

/8. 

Y. 

a. 

40 

19 

522 

0-495 

820 

0195 

120 

lOJ 

542 

0-520 

850 

0-205 

200 

5i 

570 

0-615 

900 

0-246 

Another  useful  rule  for  calculating  wiring  is  that  a  copper  wire 
1  foot  long,  and  1  square  mil  (i.  e.  one-millionth  of  a  square  inch) 
in  cross  section  has  a  resistance  of  9-4  ohms,  at  a  temperature  of 
60°  Centig. 

Yet  another  set  of  rules  is  convenient  when  calculating  the  size 
of  a  round  wire  or  rectangular  strip  which  will  carry  any  given 
cuiTent  with  a  prescribed  drop  of  voltage. 

Let  C  be  the  number  of  amperes  the  wire  is  to  carry,  v  the 
drop  of  volts  permitted,  I  the  length  in  feet,  ^  the  mean  length 
per  turn  in  feet,  S  the  number  of  turns  in  the  coil,  r  the  resist- 
ance in  ohms,  W  the  weight  in  pounds,  A  the  sectional  area  in 
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^B^uare  inches  (if  rectangular),  and  d  the  diameter  in  inches  (if 
round).    Obviously  r  =  t?  -r  C. 

Then  we  have  the  following  rules,  in  which  the  constants  are 
chosen  to  suit  a  temperature  of  about  40^  (Centigrade). 


Round  Wire. 

Rectangular  Strip. 

V 

A 
W  — 8-85  ASA 

V 

r— 11-75®,^  -rlO» 
W— 302d»SA 

APPENDIX  B. 


NUMERICAL  STATISTICS  ON  ELECTRO-MET ALLURGV. 

The  following  data  are  useful  for  reference  in  deciding 
what  the  electrical  capacity  of  a  dynamo  must  be  in  order 
that  it  may  deposit  metal  in  any  desiredquantity  :^ 

Copper, 


Current     1    ampere  deposits  0*000826  grammes      per  second. 
"  1         "  "        0-01957  *•  per  minute. 

«•  1         "  •«        1*1789  "  per  hour. 

**       851*8      •*  "        1  kilogramme  per  hour. 

"       886-4      ••  "        1  pound  per  hour. 

To  deposit  100  lbs.  of  copper  in  a  working  day  of  10  hours  will  require 
8864  amperes  of  current  flowing  all  the  time  ;  or,  If  conducted  in  ten  batlis 
in  series  with  one  another,  will  require  386*4  amperes,  but  in  that  case  the 
dynamo  will  require  to  be  of  an  electromotive-force  ten  times  as  great  as  for 
one  single  large  bath.  If  electrolysis  of  the  crude  copper  solution  Is  carried 
on  with  carbon  anodes,  there  will  be  required  about  1*2  volts  for  each  bath 
In  series,  or,  at  most,  15  volts  for  the  ten  baths. 


Silver. 

Current  of     1     ampere  deposits  4-025  grammes    per  hour. 
•1        u  112*7       ««  **       1         pound         per  hour. 
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aold. 

Current  of     1      ampere  deposits  3'441  grammes  per  hour. 

*•       "  185-8  **  **       1        poand  per  hoar. 

NickeL 

Current  of     1       ampere  deposits  1*099  grammes  per  hour. 

"       '*  412-8  •*  "        1        pound  per  hour. 

The  following  statistics  as  to  the  various  pressures  and 
currents  required  in  various  processes  of  electro-deposition 
are  useful  for  reference : — 

Pbessitrb  at  Terminals  required  for  Different 

Kinds  of  Baths. 

Volts. 

Copper  (acid  baths)       0*5  to  1*5 

"        (cyanide  bath) 8      "  5  ' 

Silver 0-6  "  1 

Gk)ld 0-5  "  4 

Brass 8      "6 

Iron  (steel  facing) 1      "1*8 

Nickel  on   iron,  steel,  copper,  with   nickel 
anode,  strike  deposit  with  5  volts*  dinunish- 

ingto 1-6  "  2 

Kickel  on  iron,  steel,  copper,  with  carbon 

anode 3      "4 

Nickel  on  jdnc 4      *'  7 

Platinum 6      •*  6 


Current  Density  for  Proper  Deposit. 

Amperes  per 
100  sq.  inch. 

Copper  Typing- 
Best  quality  tough  deposit 1*5  to     4 

Good  and  tough  (for  cliches)     4  "10 

Good  solid  deposit..     10  "25 

Solid  deposit,  sandy  at  edges 25  *'    40 

Sandy  and  granular  deposit      50  **  100 

Copper  (cyanide  bath) ,.2  «*      S 

Zinc  (for  refining) 2  "     8 

Silver ..    ..1  "8 

Gold     0-5  '•     1 

Brass 8  "     8-5 

Iron  (steel-facing) ..    0*5  "     1-5 

Nickel  at  first  deposit  9  to  10  amperes  per 

100  square  inches,  diminishing  afterwards  to    1  **     ^ 


785 


APPENDIX  C. 

FORM 8  OF  SPECIFICATION. 

The  tollovring  hints  far  drawing  up  Specifications  for 
tenders  are  intended  to  cover  the  points  really  necessary 
for  securing  firstclass  machines  without  too  closely  tying 
down  the  details. 

Specification  op  Continuous-curbknt  Dtvajios. 

1 .  All  the  [four]  dynamos  are  to  be  of  the  same  [bipolar]  [shunt- 
wound]  continuous-curreQt  type  with  voitilated  [drum]  arma* 
tures.  All  4ynamoe  of  the  same  siae  are  to  have  corresponing 
parts  interchangeal^.  Each  dynamo  is  to  be  arranged  to  stand 
upon  the  same  bed-plate  as  its  engine,  and  to  be  diiven  direct 
from  its  crankshaft. 

2.  [Two]  of  the  dynamos  are  to  be  of  [200]  kilowatts  normal 
output — viz.  to  give  out  normally  [800]  amperes  at  [250]  volts, 
running  at  [350J  revolutions  per  minute.  The  other  [two]  dyna- 
mos are  to  be  of  [50]  kilowatts  normal  output — viz.  to  give  out 
normally  [400]  amperes  at  [125]  volts,  at  [450]  revolutions  per 
minute. 

5.  [Two]  spare  armatures  must  be  supplied,  one  of  each  sice. 

4.  The  dynamos  must  be  so  constructed  that  when  run  at  an 
absolutely  constant  speed,  the  terminal  voitctge,  when  the  ex- 
citation  is  unchanged,  shall  not  drop  more  than  [5]  per  cent,  from 
no-load  to  full  load  :  and  the  shunt  windings  must  be  such  that 
when  all  regulating  resistance  is  cut  out,  the  terminal  volts  at  no 
load  shall  be  [270]  volts  in  the  larger  machines,  [135]  volts  in  the 
smaller  machines,  at  normal  speed. 

5.  Tlie  djTiamos  are  to  carry  their  full  loads  without  undue 
heating,  either  from  mechanical  or  electrical  causes.  The  excess 
of  temperature  of  any  part  of  the  armature  or  field-magnet  above 
the  surrounding  air  is  not  to  exceed  40^  Centigrade  when  measured 
on  bare  copper  or  bare  iron,  after  a  continuous  run  of  six  hours 
with  the  maximum  specified  output.  Each  armature  must  be  so 
constructed  that  a  thermometer  can  readily  be  inserted  in  it  for 
ascertaining  the  temperature. 

6.  A  regulating  resistance  is  to  be  provided  for  the  shunt  cir- 
cuit of  each  dynamo.  This  resistance  is  to  be  of  either  platinoid 
or  German  silver  wire  ;  and  its  regulator  switch  must  have  not 
less  than  [25]  contacts.    Allowance  must  be  made  in  the  tender 

50 
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for  the  necessary  connecting  wires,  the  switches  being  at  a  dis- 
tance  of  [16J  feet  each  from  its  dynamo,  and  the  resistances  in  the 
place  provided  in  the  engine-room  at  an  average  distance  of 
about  [65]  feet  from  the  switches.  All  leads  from  dynamos  to 
regulator-switches,  and  from  regulator  switches  to  resistances 
must  be  carried  in  well  insulated  conduits  or  casings.  The  regu- 
lating resistances  are  to  be  such  that  the  currents  they  carry 
shall  in  no  case  exceed  [1200]  amperes  per  square  inch,  or  that 
they  shall  not  become  hot  enough  to  melt  ordinary  solder  when 
carrying  a  current  of  50  per  cent,  in  excess  of  their  normal 
maximum.  They  shall  be  enclosed  in  suitable  fire-proof  cases 
affording  ample  ventilation. 

Each  regulating  resistance  must  also  be  such  that  when  the 
dynamo  is  running  at  its  full  normal  speed,  but  without  load,  the 
terminal  voltage  can  be  lowered  from  the  normal  value  of  [125] 
volts  to  [95]  volts  in  the  case  of  the  smaller  machines,  or  from 
[250]  volts  to  [190]  volts  in  the  case  of  the  larger  machines  ;  and 
must  also  be  such  as  to  permit  the  terminal  voltage  of  the 
smaller  machines  to  be  raised  to  [185]  volts,  and  that  of  the 
.  larger  to  [270]  volts. 

7.  The  dynamos  must  be  capable  of  standing  a  temporary  over- 
load of  50  per  cent,  without  injurious  sparking  at  the  commutator. 

8.  The  armature  winding  must  be  so  designed  with  respect  to 
the  mode  of  connecting  down  to  the  commutator  that  the 
brushes  in  their  normal  position  shall  be  readily  accessible. 
The  rocker  must  be  provided  with  a  fine  adjustment,  and  the 
brush-holders  must  be  provided  with  hold-off  catches,  as  well  as 
with  devices  for  the  regular  feeding  of  the  brushes,  allowing  of 
the  utmost  economy  in  the  use  of  short  lengths  of  brush. 
The  larger  machines  will  have  [3]  brushes  in  each  range,  the 

•smaller  [2]. 

9.  The  whole  of  the  circuits  are  to  be  throughout  of  copper  of 
a  conductivity  not  less  than  99  per  cent,  of  Matthiessen's  stand- 
ard for  pure  copper ;  the  insulating  materials  used  must  be  of 
the  best,  and  be  such  that  they  will  stand  the  application  of  an 
alternating  pressure  of  [2000]  volts  between  the  copper  and  the  iron 
parts.  And  when  warm  after  a  continuous  run  of  not  less  than 
flix  hours,  the  insulation  resistance  between  iron  and  copper  shall 
not  be  less  than  [20]  megohms  in  either  the  armature  or  the  field- 
magnet. 

10.  Drawings  for  approval  showing  in  sufficient  detail  the  pro- 
posed construction  of  the  dynamos  are  to  be  submitted  with  the 
tender.  The  drawings  should  show  the  mechanical  construction 
of  the  armature,  the  mode  of  driving  and  insulation  of  the  arma* 
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tare  conductors,  the  outer  bearing,  and  the  proposed  arrange- 
ments of  brush-holders,  terminals  and  lubricators.  They  should 
also  show  the  mode  of  carrying  the  magnets  upon  the  bed-plate 
of  the  combined  plant. 

11.  Each  dynamo  when  complete  is  to  be  tested,  either  at  the 
contractor's  works,  or  at  the  station  with  its  own  engine.  The 
tests  will  include  a  six-hours^  continuous  run  under  maximum  load ; 
and  the  conditions  of  this  specification  as  to  output,  regulation, 
temperature  and  efficiency  will  be  rigidly  enforced. 

In  case  the  same  contractor  supplies  both  dynamos  and  engines, 
the  following  clauses  may  be  added : — 

12.  The  combined  efficiency  of  the  dynamo  and  steam  engine 
when  under  test  must  at  least  reach  the  following  limits:  The 
ratio  of  the  electrical  power  as  measured  by  standard  amperemeter 
and  standard  voltmeter  at  the  terminals  of  the  dynamo,  to  the 
power  developed  by  the  engine  as  measured  by  an  indicator  of 
approved  pattern  shall  be  [86]  per  cent,  for  the  [two]  larger 
machines,  and  [82]  per  cent,  for  the  [two]  smaller  machines. 

13.  The  fact  that  the  dynamos  may  have  satisfactorily  passed 
the  tests,  if  made  at  the  contractor's  shops,  shall  in  no  way  lessen 
the  responsibility  of  the  contractor  for  obtaining  the  lil^e  results 
after  the  machinery  shall  have  been  permanently  erected  in  the 
station.  The  costs  of  these  tests  are  to  be  borne  by  the  contractor, 
and  covered  by  this  tender;  and  the  tests  are  to  be  carried  out  to 
the  satisfaction  and  in  the  presence  of  the  engineer. 

Specification  op  Alternators. 

1  The  Alternators  are  to  be  of  the  [single-phase]  [separately- 
excited]  type  with  [stationary]  armatures  and  [revolving  multi- 
polar] field-magnets,  direct-driven.  They  are  to  be  of  the  same 
size,  and  to  have  corresponding  parts  strictly  interchangeable. 
Each  alternator  is  to  be  designed  to  stand  upon  the  same  bed- 
plate as  its  engine,  and  to  be  directly  coupled  to  its  cranio  shaft. 

2.  [Four]  alternators  are  required.  They  are  to  be  of  [105] 
kilowatts  normal  output,  viz. :  to  give  out  normally  [50]  amperes 
at  [2100]  volts,  running  at  [400]  revolutions  per  minute. 

3.  The  alternators  are  to  work  with  a  frequency  of  [60]  periods 
per  second  ;  and  the  combined  plants  must  be  capable  of  running 
continuously  in  parallel  at  all  loads. 

4.  The  field-magnets  of  the  alternators  must  be  so  designed  that 
the  total  energy  absorbed  in  exciting  the  field-magnets  of  any  one 
alternator  shall  not  exceed  [2]  kilowatts  at  full  load :  and  they 
must  become  fully  excited  when  supplied  at  [200]  volts. 
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5.  Regulating  resiatanoeB  must  be  provided,  cme  for  each  alter- 
nator, in  the  exciting  circuits.  The  regulating  resistance  of  the 
alternators  must  have  a  sufficient  range  to  operate  if  exciter  cir- 
cuit varies  from  [200]  and  [250]  volts. 

6.  Special  care  must  be  taken  in  the  design  and  construction  of 
the  [revolving]  field-magnets  that  they  shall  be  properly  balanced, 
that  under  no  circumstancesof  using  shall  the  exciting  coils  shift  in 
their  places;  and  that  all  chance  of  either  a  short-circuit  or  a  dis- 
connection shall  be  made  impossible.  Duplicate  brushes  and 
brush-holders  of  substantial  construction  are  to  be  furnished  to 
each  slip-ring  in  the  exciting  circuit;  and  the  insulation  of  the 
exciting  circuit  in  protected  conduits  must  be  very  substantial. 

7.  The  armature  must  be  of  such  construction  that  vrhile  of 
great  mechanical  strength  it  admits  of  individual  coils  or  groups 
of  coils  bein^  readily  replaced;  whilst  the  armature  as  a  whole 
must  be  accessible  for  daily  cleaning  and  inspection.  The  ter> 
minals  of  the  armature  circuit  must  be  specially  well  insulated, 
and  protected  against  risk  of  contacts. 

8.  The  total  drop  in  volte,  at  full  load,  when  running  on  an 
ordinary  load  of  lamps  or  on  a  plain  non-inductive  resistance, 
must  not  exceed  [200]  volts  when  the  excitation  is  kept  constant. 

9.  The  alternators  are  to  carry  their  full  load  without  undue 
heating  either  from  mechanical  or  electrical  causes.  The  excess  of 
temperature  above  that  of  the  surrounding  air  must  not,  in  any 
pai*t  of  the  armature  or  field-magnet,  exceed  [40]  d^.  Centig. 
after  a  continuous  run  of  six  hours  under  the  maximum  normal 
load. 

10.  The  whole  of  the  circuits  are  to  be  throughout  of  copper, 
having  a  conductivity  of  not  less  than  99  per  cent,  of  Matthies- 
sen^s  standard:  and  the  insulation  shall  be  the  best  that  can  be 
procured.  The  insulation  of  the  armature  and  of  the  field-magnet 
as  between  the  copper  conductors  and  the  core  or  frame  shall  bo 
such  as  to  be  capable  of  mechanically  resisting  being  pierced  by 
an  electric  spark  at  4000  alternating  volts. 

11.  One  spare  set  of  armature  coils  or  sections  is  to  be  provided 
by  the  contractor. 

12.  Drawings  for  approval  showing  in  sufficient  detail  the  pro- 
posed construction  of  the  alternators  are  to  be  submitted  with  the 
tender.  The  drawings  should  show  the  magnetic  and  mechanical 
construction  both  of  field-magnet  and  of  armature ;  the  mode  pro- 
posed for  securing  adequate  insulationof  armature  conductors ;  the 
proposed  arrangements  of  the  exciting  circuit,  slip-rings,  and  con- 
tact brushes,  the  mode  of  insulating  the  high-pressure  terminals; 
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the  bearings  and  proposed  system  of  lubrication;  the  coupling  of 
the  shafts. 

13.  Each  alternator  when  completed  is  to  be  tested,  either  at 
the  contractor's  works,  or  at  the  station,  with  its  own  engine. 
The  tests  will  include  a  six-hours'  continuous  run  under  maximum 
load,  and  the  conditions  of  this  specification  as  to  output,  regula« 
tion,  insulation,  temperature,  paraUel  working  and  efficiency  will 
be  rigidly  ejuforced. 

In  case  the  same  contractor  supplies  the  engines  as  well  as  the 
alternators,  the  following  clauses  may  be  added  : — 

14.  The  combined  efficiency  of  the  alternator  cmd  engine  when 
under  test  must  at  least  reach  the  foUowing  limits  :  the  ratio  of 
the  electrical  power  as  measured  by  standard  wattmeter  at  the 
terminals  of  the  alternator,  when  working  on  a  non-inductive 
load,  to  the  power  developed  by  the  engine  as  measured  by  an  in- 
dicator of  approved  pattern,  shall  be  [82]  per  cent,  at  full  load, 
and  shall  be  [75]  per  cent,  at  one-quarter  load.  The  certificate 
of  [the  Board  of  TradeJ  shall  be  deemed  a  sufficient  guarantee  of 
the  correctness  of  the  readings  of  the  wattmeter. 

15.  The  fact  that  the  alternators  may  have  satisfactorily  passed 
the  tests,  if  made  at  the  contractor's  shops,  shall  in  no  way  lessen 
the  responsibility  of  the  contractor  for  obtaining  the  like  results 
after  the  machinery  shall  have  been  permanently  erected  in  the 
station.  The  costs  of  these  tests  are  to  be  borne  by  the  contractor, 
and  covered  by  this  tender  ;  and  the  tests  are  to  be  carried  out 
to  the  satisfaction  and  in  the  presence  of  the  engineer. 


Specification  op  Transformer. 

1.  The  number  of  transformers  required  is  [six].  They  are  all 
to  be  of  the  [double-limb  upright]  type,  having  each  an  output  of 
[20]  kilowatts.  The  ratio  of  transformation  is  from  [2100]  to 
[105]  volts  ;  and  the  normal  current  in  the  secondary  circuit  is 
[190]  amperes  ;  but  each  transformer  must  be  capable  of  working 
at  a  temporary  maximum  load  of  [220J  amperes  without  injury, 
for  a  time  not  exceeding  twenty  minutes.  The  transformers  to 
be  wound  for  a  frequency  of  [60]  periods  per  second. 

2.  The  cores  are  to  be  constructed  of  the  best  Swedish  charcoal 
iron  plates  not  exceeding  [20  mils]  in  thickness,  carefully  annealed, 
and  coated  with  tough  insulating  varnish.  The  core-plates  when 
built  up  are  to  be  interleaved  at  the  joints  so  as  to  form  a  com- 


790  Dynafno- Electric  Mcuhinery. 

plete  magnetic  circuit  of  uniform  section,  and  held  tightly 
together  by  insulated  bolte.  The  assembled  cores  to  be  covered 
with  tape,  varnished  with  shellac  varnish,  and  well-baked  before 
the  coils  are  placed  upon  them. 

3.  The  primary  and  secondary  coils  are  to  be  of  copper,  having 
a  conductivity  of  not  less  than  99  per  cent,  of  Matthiessen's 
standard,  and  are  to  be  double^^otton  covered  to  a  depth  of  [20 
mils]  and  wound  on  separate  concentric  cylinders  of  ozokerited 
compressed  paper,  A  thin  layer  of  insulating  material  to  be 
placed  during  winding  between  every  layer  of  wire,  and  in  addi- 
tion a  sheet  of  ebonite  at  least  [40  mils]  thick  to  be  interposed  be- 
tween the  primary  and  secondary  coils.  The  winding  of  the  two 
secondary  coils  to  be  such  that  both  of  the  ends  that  are  to  go  to 
the  two  secondary  terminals  shall  be  the  ends  of  outside  layers. 
The  whole  of  the  insulation  and  materials  used  must  be  of  the 
best  quality, 

4.  The  resistances  and  current  densities  in  the  copper,  and  the 
flux-density  in  the  iron,  must  be  such  that  the  transformer  shall  be 
capable  of  working  for  any  length  of  time  at  full  normal  load  with- 
out overheating  in  any  part,  and  on  a  run  of  six  consecutive  hours 
at  full  normal  load  shall  not  rise  more  than  [50]  deg.  Centig.  above 
theitemperature  of  the  surroiuiding  air.  Nor  must  the  drop  in  the 
voltage  at  the  terminals  of  the  secondary  coil,  from  no  load  to  full 
load,  when  the  primary  pressure  is  maintained  constant  at  the 
primary  terminals,  exceed  [lij  volts  when  working  on  a  non-in- 
ductive load. 

5.  The  coil  ends  are  to  be  brought  to  well-insulated  terminal 
plates,  inside  the  case  and  suitable  terminal  screws  are  to  be  pro- 
vided for  attachment  of  high  and  low-voltage  conductors.  The 
case  is  to  be  of  cast  iron,  closed  by  a  suitable  cast-iron  cover 
rendered  air-tight  and  water-tight  by  a  rubber  packing.  Metal 
glands  bushed  with  ebonite  are  to  be  provided  for  both  the  low 
and  the  high-pressure  conductors. 

6.  Drawings  for  approval  showing  in  sufficient  detail  the  general 
construction  of  the  transformers,  and  in  particular  the  modes  of 
securing  the  transformer  in  its  case  and  of  leading  out  the  con- 
ductors, are  to  be  submitted  with  the  tender. 

7.  Each  transformer  must  have  an  insulation  resistance  between 
the  primary  and  secondary  windings  of  not  less  than  25  megohms ; 
and  before  being  tested  at  the  works  must  be  subjected  between 
primary  and  secondary  and  between  coils  and  core  to  an  alternat- 
ing pressure  of  at  least  4500  volts.  After  delivery  at  the  station 
each  transformer  is  to  be  tested,  the  tests  to  include  a  six  hours' 
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continuous  run  at  full  normal  load  ;  and  the  conditions  of  this 
specification  as  to  output,  ratio  of  transformation,  r^ulation, 
temperature  and  efficiency  will  be  rigidly  enforced. 

8.  The  efficiency  of  each  transformer  when  under  test,  and 
when  warm  after  a  continuous  run  of  six  hours,  must  at  least 
reach  the  following  limits:  the  ratio  of  the  electrical  output  of 
power  as  measured  by  certified  wattmeter  at  the  secondary  ter* 
minals,  when  working  on  a  non-inductive  load,  to  the  input  of 
power  as  measured  by  certified  wattmeter  at  the  primary  ter- 
minals, at  normal  pressure  and  frequency,  shall  be  [97J  per  cent, 
at  full  load  and  [93]  percent,  at  one-quarter  load.  The  certificate 
of  [the  Board  of  Trade]  shall  be  deemed  a  sufficient  guarantee  of 
the  correctness  of  the  wattmeter  used  in  these  tests. 

9.  The  fact  that  the  transformers  may  have  satisfactorily  passed 
these  tests  before  delivery  shedl  in  no  way  lessen  the  responsi- 
bility of  the  contractor  for  obtaining  the  like  results  after  the 
transformers  shall  have  been  delivered  at  the  station.  The  costs 
of  these  tests  are  to  be  borne  by  the  contractor,  and  covered  by 
this  tender ;  and  the  tests  are  to  be  carried  out  to  the  satisfaction 
and  in  the  presence  of  the  engineer. 
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Fritschey  on  armature  winding • •  •  • .  J31,  844,  272 

Ondiskwindmg 280,  480 

Fr&lich,  Dr,  O.,  on  armature  reac^on.. ••••• 86 

On  characteristic  curves ••• 200 

On  compound  motors 528 

On  electromagnet 148 

Equations  of  electromagnet • •• 20 

On  eddy-currents •••••• 90 

On  Siemens' dynamos • •• 405 

On  size  and  output • 109 

.FVvmeit^'s  motor • ••• 18,  484 

/VoimI^s  Inake  dynamometer • ••••• 755 

Fun  load,  calculations  at.... «•••••«•••••••••••••••••• 
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Gkiiabeiy  on  armature  distortion 69 

OoMZ^s  dynamos 406 

Gans-Zipemowski  alternators 611 

Gap  in  magnetic  circuit — Elffects  of 128 

Thioknessof 387,896 

Widening  of 8T9 

(?du(7ain,  J.  Jf.,  on  curves  of  integrated  electromotiTe-foroes 4,    63 

Gauge  of  wire  for  armature 849,846,869,  779 

Gauss,  the 119,  144 

Gauze  for  brushes • • 318 

QtfMTdL  Electric  Co.*8  Alternators. 626 

Dynamo 439 

Railway  motors • 648 

Genoa  transmission  of  power 788 

German-silver,  use  of. 698,  785 

Gflbert,  the 144 

Cftmrges  on  output  of  polyphase  machines.  •• 601 

Gold,  deposition  of 784 

Oooldend:  Co.  *«  Brush-holder 898 

Dynamos 484 

Mining  motor ..••.  688 

Regulator 745 

Goolden-Willans  plant,  test  of 764 

69kirdon'«  alternators 18»699,  607 

Governing— By  steam-pressure. 749 

Dynamometric 749 

Government  of  motors 619 

Governors 996, 468»  696^  748,  748 

G'ramme— Alternator 680,  589 

Armature. ..15,    41 

Dynamos 400 

'*        characteristic  of 906 

Motor  generator 734 

On  coupling  of  series  dynamos. 767 

Transmission  of  power 18 

Graphic  treatment  in  alternate-current  work 561 

Of  asynchronous  motors ....•  689 

Of  continuous-current  motors 498 

Of  dynamos 66,196,  989 

Of  monophase  motors .« 699 

Of  transmission 788 

Of  synchronous  motors ••  869 

6WeA«r  Co. 's  brush-holder 899 

Ck>mmutator 815 

Gyrostatic  action  of  armature 898 
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Hagenbach  on  theory  of  dynamo 20 

Heat,  effect  of,  on  magnetization 131 

Heat,  waste  in  polyphase  motors.  077,  678 

Heating  and  surface  emission 873,  717 

Of  armatures 295,878,  773 

Of  cores 90,187,  715 

Of  magnet  coils 869 

Of  pole-pieces 70 

Of  wires 782 

Specification  of  maximum 752,  785,  788,  790 

"Hedgehog"  transformer 707,714,  717 

Hefner  Alteneck  (see  Alteneck). 

Helios  Co.*s  alternator » 611 

Helmer,  design  of 478 

Heilmann  locomotive  dynamo 415 

JleinricJi's  dynamometer 756 

Jleisler's  constant-current  alternators 640 

Henley's  inductor  dynamo 10 

.Henry's  motors 17,  488 

Henry,  the 560 

Hering,  Carl,  on  armature  winding 21,  244 

On  homopolar  induction 478 

On  magnetic  leakage 152 

Herriek,  on  rheostats ; 744 

jHerwig,  on  theory  of  dynamo 20 

jfieteropolar  dynamos, 475 

Heteropolar  induction 475 

^igh  frequency 570 

Sk  in  effect 578 

High  voltage — Dynamos 47S 

Commutators  for 446,  465,  47d 

In  transmission 694,  782 

Historical  notes 5 

Hj'orth,  SdreUy  his  machines 11,    56 

JSochf  eldcn  transmission 788  * 

Hochhausen's  designs 400 

Holes  in  core-disk 99,286,290,604,625,  628  \ 

Holmes's  dynamos 10  , 

Holmes  J,  H,  <&  Go's,  dynamos 436 

Holmes- Willans  combined  plant,  efficiency  of.  762 

Homopolar  dynamos 475 

Homopolar  induction 5,  475 

Hoppe,  on  homopolar  induction 478 
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BopX»7t«(m,  Drs.  J.  and  U.,  on  dynamo  design. 20,  421,  428 

On  excitation  by  backward  lead ..••••••.•• 87 

On  alternators 612 

On  magnetic  circuit 145,  158 

Hop/nn^on,  Dr.  </.,  on  armature  reaction. 882 

On  coupling  alternators • • 21,  578 

On  characteristic  curves 198 

Electro-plating  dynamo •  470 

On  loss  of  power  in  magnetization •••..• 140 

On  magnetic  properties  of  iron •••  122 

On  magnetic  calculations 117 

Method  of  end  connecting • 806 

Modification  of  Edison  dynamo 858,  421 

On  railway  motors 545 

On  retardation  of  magnetism.. ••••.. •  • 142 

On  reversing  gear 518 

On  size  and  output • 108 

On  testing  dynamos •  •  • 758 

Oxi  theory  of  alternate  currents.  • • 578 

On  theory  of  transformers •••••  719 

On  torque  of  motors • 509 

Horns,  or  pole  tips 80,98,  898 

Horns,  driving 296 

Horse-power  of  dynamos  and  motors •  •  •  .lOd,  531 

Horse-power  testing •  • .  758 

Hospital  ier,  E 242 

Housman,  on  armature  compensation • •  889 

On  ::eparation  of  losses •  •  •  ••  761 

Houston,  E,  J.  {and  see  Thomson-Houston) • ...  458 

Hummel^  on  causes  of  losses 764 

Humphrey  and  Powell,  on  transformer-current  curves 711 

Huntf  R.f  on  electromagne^ism  as  a  motive  power •  •  ••  484 

Hurmuzescu's  dynamo 478 

Hutin  and  Leblanc,  on  alternate-current  motors 21 

Alternating-continuous  transformer 729 

Ammortisseur 892 

Hysteresis 106,  188 

Loss 185,187,  760 

Increase  of,  with  time .•  •  • 142 

In  transformer 698,712,715,  717 

Hysteretio  constants 187 
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Idle  coil 6T,  449 

Idle  current  (aee  Wattless  current) 

Idle  wire 41,  420 

Imbricated  conductors »••• •••••...•..  40d 

Imbricated  joints  in  iron , 707 

JmrniseA's  motors ••» • •  533 

Reyersing  gear  for. • • .•  518 

Impedance  .• • .; • •  562 

Impressed  field • 678 

Indicator  diagrams ...•• 753 

Inductance • ..• 560 

Induction  coil »»«• .••• 695 

Induction  of  electromotive-force • •!»  8»  2B»  24,    29 

Induction  in  uniform  field 61 

"  Induction,"  magnetic  (ami  aee  Flnx-density) 120 

Inductor  altemat<»n .10,  640 

Instantaneous  value  of  eleelromotive-foree..... 549 

Insulating  materials— Air S15,  705 

Asbestos. 44  814, 614,  «29,  771 

Canvas 294,^8,  453 

Cotton • 779 

Cotton  cloth 458 

Ebonite .399,835,825,429,619,033,707,  708 

Enamel 394,299,  681 

.  fibre,  bard  white 296,314,884,  482 

Film  of  oxide 285,  299 

Film  of  oil 299 

Glass 616 

fudJarubber ...294»  688 

Insulating  paint •. 294 

Ivory • 488 

Japan * 294 

•'Made  mica" 429 

Mica 44,  284,  294,  814, 429, 614»  623,  771 

Muslin ...^ 429 

Oa 429,  706 

Oiled  linen 431 

Baper 294,808,451,  705 

*'      core-papers 429 

"     ManiUa 294 

'•      oiled 431 

"      paraffined 294 

"      parchmentized  (Willesden  paper) 294,  814,  533 

*'      pressed  board • 429 

**      varnished...  285,294,  451 
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iiiBulatiDg  materials- 
Plaster 3U 

Porcelain 616 

Boi>e,  hard • 429 

Rubber  varnish  (Scott'sX 294 

Shellac S14»  868,  451 

Silk ....299,  628 

Slate 621,  628 

Sulphur 616 

Tape 286,  801,  48«.  481,  621.  765 

Vainish. 44,  285,  294,  429,  451,  705 

V ulcanized  fibre *. 614 

Wood 290.296.  614,  708 

Insulation  of  armature  cores • 42,284,  294 

Of  brush-holder ••.••......••..•••  824 

Of  collecting  rings •.••.•••••  826 

Of  commutator 814 

Of  dynamo  from  ground 774 

In  transforinei-s 708 

OfwiiL»8 779 

Insulation  resistance ....•• 752 

Specification  of 786,788,  790 

Insulation  tents 772 

Intensity  of  magnetic  field .........  113 

Intercbangeability  of  parts .785,  787 

Interference  of  armature  (see  Armature  reaction) 

Isenbeckj  on  armature  exploration • 63 

On  curves  of  integrated  electromotive-forces 62 

Iron  and  copper  losses  in  transformers. 700,  715,  717 

Iron  in  armature  of  alternator 598,  602 

Iron,  magnetic  properties  of 112,  122 

Iron  {see  Armature,  Ck>reB,  Flux-density,  HystereBis) 
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On  early  dynamo 8 

On  electromagnet 148 

On  law  of  maximum  output 49!,  494,  498 

Law  of,  applicable  to  alternators 666 

Motor 18,  488 

Jamin  and  Richard j  on  theory  of  alternate  currents 578 

Jehl  and  Rupp,  disk  dynamo. 480 

Jehl,  on  continuous-current  transformation. 727 
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iTapp,  Gw6crf— Alternators 653,582,  607 
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Dynamos 402 
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On  limits  of  load 886 
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On  theory  of  homopolar  dynamo. • 478 


Index.  815 


PASS 

Keltnn,  Lord — 

On  transmission  of  energy 740 

On  wave  winding 090,  018 

.Kennedy.A.  B,  IF.,  test  of  combined  plant. 702 

Kennedy,  Rankine — Ironclad  dynamo 102 

Alternators 682 

Polyphase  motors. 087 

Kennelly  on  armature  reaction 86 

On  reluctivity 144 

Keys 887 

KingdofCB  inductor  alternator 640 

Kohlrausck,  on  armature  distortion..'. 69 

On  theory  of  alternate  currents 573 

Curves  showing  armature  reaction 69 

jLo/ben,  Oerlikon  dynamos 408 

Koosen,  on  theory  of  alternate  currents 673 

Investigations 19 
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Ladd'8  self-exciting  dynamo 14 

Lag  of  current 668,  661 

Effect  on  torque 571 

Lag  effect  of  demagnetizing 506 

Lag,  magnetic 141 

Lahmeyer — Dynamos 162,  441 

On  **  far-leading  "  dynamos 785 

Laminated  series  motors 693 
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Of  armature  core 44,  91,  284, 451,  688,  609,  626,  678 

Of  pole-pieces 91,  602,  686,  648 

Lamont,  on  electromagnet 143 

Lap-winding • 258,  279,  696 

LauckerVs  compoimd  winding 67 

Lauffen  generator 627 

Lauffen  transmission 741 

Laureneen  Paris  A  Scotfa  motor  generators 724 

Law  of  action  and  reaction 487,  516 

Of  efficiency  of  motor 491,  498 

Of  hysteresis 137 

Of  Lenz 516 

Of  magnetic  circuit 114,  145 

Of  maximum  output  of  motor 491,  494, 498,  656 

Of  Ohm 28 

Of  transformer • « 699 
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^        backward 395,  396 
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Leakage,  magnetic « 150 

Leblanc  (see  Hutiu  and  Leblanc) 

IJecliery  on  homopolar  induction • 478 

Ledeboer,  on  parallel  running 766,  768 

Leicester  central  station  plant 622 
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Length  of  conductor  per  volt 476,  622 

Ijenz,  on  dynamo  as  motor • 18 

On  electromagnet • 143 

Law  of 516 

Researches 19 

Le  Roiix,  on  theory  of  dynamo « .     19 

On  theory  of  alternate  currents 573 

Lightning  an*esters • 774 

Limit  of  armature  current 361,  886 

In  multii)olarB 396 

lAnde,  on  finding  form  of  wave 552 

Line,  integral,  of  tlie  magnetic  forces 118 

Lines — Magnetic •«...  113 

Of  force  as  distinguished  from  magnetic  lines 114 

Of  magnetic  induction 120 

Liverpool  overhead-railway  plant 545 

Load  on  dynamo,  limit  of 861,  886 

Locomotive  motors 540,  M5,  546 

LodgCy  Oliver  J.y  on  impedance 562 

London  Electric  Wire  Company's  data 779 

Lontin's  machine 15,    43 
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In  transformer 700,  715,  717 
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Lost  amperes 190 

Lost  volts 180 

Calculation  of 345 
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Of  commutator , 771 

Lubricators 334 

iMmmiS'Paterson,  on  dynamo  management 772 
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Calculations  of I»H),  856,  981,  864 
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Cycle 184 
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,.    rotating ••••.••• 266 
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Flux ^ 114,  168 

y,    calculations  of •*••••• 848 

Leakage 150 

^        allowance  for ••• 849 

^       in  asynchronous  motors »...•....  681 

^       measurement  of • 158»  753 

^       in  transformers • 700,  704 

Lines 24,    28 

PtermeabiUty ..120,  349 

Potential 116,  119 

Potential  in  gap • 384 

Principles 112 

Properties  of  iron  and  steel 124 

y,       „  „        changesof ^ 142 

Pull  on  armature 328 

Retardation  in  solid  coils « 141 

Shunt 680 

Unite 112,  144 

Magnetizing  coil 117 

Magnetizing  current  in  transformer • 606,  760,  715 

Magnetization  of  armature 70 

Magnetomotive-force «•• 116, 117,  145 

Magneto-electric  machine 83,    48 

Theory  of • 179 

Magneto-ringer «•••.. 548 

Magnolia  metal • •••••••••• ^•...  333 

Ma  ill's  alternators • 624 

Maldereri^a  machine • 10 

ICanagementof  dynamoB • ••••••• • 76S.  769 
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*•  MBnohesrer  **  dynamo 420 

Manchester  street  station  plant d25 

Maquaire^s  regulator 745 

Martin  and  Wetzler,  on  motors 484 

Mascart  apod  Jcubert,  on  size  and  output 108 

Mascartt  on  theory  of  dynamo 20 

McL89on'g  improvements 10 

Mather^  on  armature  compensation 889 

Mather  and  Pto^f— Alternators 613 

Gar  motor ; 644 

Railway  motor • 545 

Dynamos 420 

Equalizers 726 

Mavor  and  CouUon — Dynamos 488 

Mining  motor 540 

Maximum — ^Armature  current 381,  886,  896 

Power  of  synchronous  motor 655 

Values  of  sine  functions 554,  564 

Maxwelly  J,  Clerk,  on  self -exciting  machines 19 

On  self  and  mutual-induction 719 

On  theory  of  alternate  currents 563,  573 

On  theory  of  transformers 721 

Mean  power,  alternate-current 566,  571 

Measurement  of  alternate-current  power 567,  568,  571 

Of  efficiency , 758 

Of  fluctiiation  of  electromotive-force 178 

Of  insulation  resistance 752 

Of  magnetic  leakage 752 

„  properties  of  iron 127 

Of  power 753,  758 

Of  resistance  of  armature 751 

Of  total  flux 178 

Mechanical  actions  and  reactions 96 

Mechanical  characteristics 502,  528 

Mechanical  points  in  design 327 

Mesh  connection  of  polyphase  circuit 669 

Menges,  on  armature  compensation 391 

On  dynamo  testing 758 

Meyer,  on  theory  of  dynamo 20 

Meylan,  on  parellel  running 766 

Mild  steel,  magnetic  properties  of 128,  127 

Jftnef,  on  dynamo  tests 764 

On  Edison  dynamos 427 

Mitis  metal 127 

Moncel  {see  Da  Monoel) 

Monophase  motoro 687 
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Uordey,  IF.  If.,  on  alternate-current  waveform • 718 

On  alternator  curve 558 

On  armature  exploration .64,    06 

On  coupling  compound  dynamos 767 

On  finding  form  of  wave 552 

On  motor  and  dynamo  analogies. 516 

On  parallel  working 21 

On  the  shunt  motor 529,  580 

On  slow  changes  in  iron 142 

On  synchronous  motors 658 

Alternators 619 

Inductor  alternators 641 

Method  of  cross-connecting 276 

Methods  of  exploring  commutator 68,    66 

Multipolar  ring 16 

Transformer 702,  714 

Victoria  dynamo 417 

McrirCa  dynamometer 756 

Motors — Action  of  alternator 571 

Alternate  current  (see  Alternate-current  motors) 

Asynchronous 862 

Characteristics  of 505 

Commutation  in 517 

Continuous  current 482,  581 

Determination  of  windings 527 

Direction  of  rotation  . . ; 517 

Efficiency  of 487,490,  496 

Historical  notes 17 

Laminated 698 

Monophase .  687 

Polyphase 21 ,  662,  678 

Pulsating 546 

Regulation  of 519 

Reversal  of 517,  518 

Rotatory.field 666 

Speed  of 501,  508 

Theory  of 492 

Torque  of 501,  508 

For  traction  purposes 540 

Motor-generators 724 

Jfountoin,  W,  C,  commutator 822 

Jfiafer— Disk  winding 279 

Method  of  measuring  power 757 

On  electromagnet 148 

On  magnetization  of  steel 10 

Multiphase  (me  Polyphase) 
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Multiplex  windings 279 

Multipolar — Brush  dynamo 457 

Dynamos,  design  of • -..flOC,  580 

Drum  winding 265 

Ring  for  altematois 581 

„    windings 275 

Polyphase  plant 672 

Murra^s  dynaznometer 756 

Tests  of  brush  dynamo 458 

Murray^  on  self-excitation 12 

Mutual  induction 94,  719 

Negro  {see  Dal  Negro) 

JV^umann,  on  laws  of  induction < 19 

On  theory  of  alternate  currents 57S 

Neutral  point  on  armature  shifted 70 

Neutral  points  on  commutator 77,  78,  257,  8d9,  515 

Newall,  on  joints  in  magnetic  circuit 129 

Niagara  plant 636 

Niagara  transmission. . . '. 737 

Niaudet,  Alfred,  on  theory  of  dynamo 4 

On  gramme  dynamos 401 

Nickel,  deposition  of 784 

Noise  in  running 777 

NaUeVs  machine 10 

Non-ooncentrio  poles 894 

*'  Non-polar  **  dynamo 476 

O 

Oerlikon  Co. — ^Alternators 627 

Drum  armature 807 

Dynamos 408 

Electro-metallurgical  dynamos 472 

Polyphase  motors 678 

Transformer 704,  706 

Oerlikon  works,  transmission  of  power  to 786 

Ohm  Dr.  G.  5.,  law  of - 28 

Oil  (see  Lubrication). 

As  insulator 429,  705 

Insulators 742 

Open-coil  armature 40 

Advantages  of 464 

Open-coil  dynamos < 447 
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Organs  of  dynamo • 81 

Oscillatory  dynamo 16,  43^7 

Output  and  size 102,  108 

Output  of  alternators 589 

Over  compounding 287,  289,  728 

Over-excited  synchronous  motor 654 

Overload 786 

Over-type,  support  of  armature  in, 827 

P 

^Dusinotti — Armature , 18, 14, 16,    41 

IMsk  dynamo 278,  479 

Motor 18 

Toothed  core 286 

Ptige — **  Inductor  "  machine ...    10 

Motor 18,  483 

Paper  (^e  Insulating  Materials) 

Paiallel— Alternators  in 647,  659 

Coupling  machines  in 766 

Paris  and  Scoffs  method  of  end-connecting 807 

Parker's  dynamo 487 

Par8/ia/r«  multipolar  dynamos 484 

J^r«onfi— Turbo-alternators 624 

Steam  turbine,  efficiency  of 624   763 

Pateraon  and  Cooper — Core-disks  and  spider 291 

Dynamos 439,  470 

Pedestals 883 

Peripheral  speeds 109,299,867,  476 

Period 549 

Periodic  governor. . .  521 

Periodicity 549 

Permeability 120,  8^ 

Curves  for  iron  and  steel 125 

Permissible  heating 752 

Perry,  John  (see  Ajrrton  and  Perry) 

Ringwinding 276 

Constant-speed  motors 18 

On  shaft  stresses 821 

On  theory  of  transformers 728 

Pescetto,  on  size  and  output 108 

Petrina's  machme.,  l 8 

Peykertj  on  armature  reaction 87 

Phase  of  alternation 550,  555 

Phase-difference 649 

Phase-relation  in  transformers 708 
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Phase-splitting 689 

Phase  transformation 781 

Picou,  R,  V,,  on  rotatory-field  motors 21 

On  self-governing  of  motors 539 

On  synchronous  motors 21,  652,  655 

Pitch 588 

Pixiif  his  machines 7 

'*  Phoenix  *'  arc-light  dynamo 465 

Dynamo,  particulars  of 366 

Plilcker*8  homopolar  dynamo 475 

Poggendorff—Ck^minnt&tov 8 

Investigations 19 

Polar-span,  angle  of 74,  887,  588 

Pole  armatures 41,  584 

Pole-pieces — Eddy-currents  in 92 

Effect  of  shape  on  wave  form 569 

Lamination  of 91,  602,  686,  643 

Varieties  of 393,  394 

Pole-faces,  width  of 588 

Pole  surfaces,  shaping  of 68,  88,  95,  160,  888,  891,  898,  894,  471,  552 

PoUak^s  rectifying  commutator 731 

Polechko's  dynamo 481 

Polyphase  and  single-phase  alternators 601 

Polyphase — Alternators 598 

Motors 2 1 ,  662,  673 

**    history  of 19 

*•    theory  of 21,  675 

Transformers 718 

PoncdeVa  improvement  of  Prony  brake 754 

Ponemah  Cotton  Mills  plant 661 

Position  of  d3mamo 769 

Potential  at  terminals 180 

Potential,  magnetic 119 

Potier,  on  rotatory-field  motors 21 

Power — ^Alternate-current 566,  571 

Characteristic 200 

Mean,  of  alternate  currents 577 

Measurement  of 753 

Of  polyphase  motors* 676 

Of  synchronous  motor 650,  652 

Product  of  two  factora 100,  493 

Power-factor  of  transformers 709 

Practical  construction  of  armatures 284 

Pressure  on  bearings '. 327 

Preston,  T.,  on  homopolar  induction 478 

Prevention  of  sparking 80 
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Primary  and  secondary  currents 695 

Products  of  periodic  functions 557 

Prony'a  brake 754 

Puffer,  on  parallel  running 766 

Pulley,  overhung 880 

Pulsating  motors '. 4   546 

Pulsation 574 

Pulvermacher'8  machine 8 

Pyke  and  Harries  indicator  alternator 643 

Pyke  and  Salomons  transformer 703 

Q 

Quadrature 557 

Quarter  phase 577 

B 

Racxng  of  motors 519 

Racking  of  armature  conductors ^ . . . . .  .185,  817,  672,  777 

Of  connectors •. 817 

Radian,  unit  angle 101,  173 

Eaffards  improvement  of  Gramme  dynamo 400 

Of  Prony  brake 755 

Railway,  electric,  machinery  for 424,  448,  540 

Ratio  of  transformation 697,  720,  727 

Ravenshaw 434 

On  dynamo  testing 758 

Regulator 747 

Baworth — Method  of  exploring  commutator 66 

Coupling 388 

Rayleigh,  Lord,  on  alternate  currents 573 

On  dynamo  testing 758 

Reactance 560,  566 

Reliction  (see  Armature  reaction) 

Reaction  due  to  current  in  armature 58,  70,  882 

Reaction— Mechanical 96,  817,  572 

Of  inductance 559 

Of  motor  armature 510,  513 

Reher,  on  polyphase  motors 21 

Rechniewski,  on  continuous-current  transformation 727 

On  size  and  output 109 

Reckenzaun,  on  motors 533 

Rectification  of  currents • 38,172,449,594,  728 

Rectifying  commutators  594,  728 

Regulating  dynamo,  ways  of 49,  51,  461,  743 

Refculating  resistance,  specification  of 785,  788 
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Regulation  of  motors 51d 

Of  Parson's  turbine , 635 

Of  Thomson-Houston  dynamo 461 

Regulators 748 

Reignier,  on  regulators 748 

Relation  between  size  and  output 840 

Reluctance  of  magnetic  circuit 116, 118,  119, 120,  145 

Reluctance,  calculation  of 350,  856,  861,  864 

Reluctivity,  a  lineal  function  of  H 144 

Remanence 183 

Renahaw's  spherical  bearings 888,  884 

Residual  magnetism 133 

Resistance — Effect  of,  in  rotor 681 

For  regulating 236,445,744,  747 

In  characteristic 206 

Insulation , 752 

Of  coil,  relation  to  size , 877 

Of  shunt  coil 870 

Of  wires 782 

Spurious,  in  armature 89 

Resultant  magnetic  flux 675,  678 

Retardation  of  phase  {see  Lag) 

Of  magnetism ,.,.  141 

Retarded  field  motora 693 

Reversal  of  current  in  armature  coils , 80 

Of  motor  field 617 

Of  polarity 50,  469 

Reversibility  of  dynamo 18 

Reversing  gear  of  motor 518 

Rheostat  as  regulator 226,  446,  744,  747 

Rheostat,  specification  of 785 

Rhodes,  on  synchronous  motors 21,  659 

Richardson*8  governor 748 

Right  hand  rule 22 

Rimingtony  on  alternate  current- wave  form 712 

Ring  armatures — Cross-connection  of ' 276 

Winding  of 87,  40,  71,  251,  258, 275.  580 

Magnetization  of 71 

For  alternators 580 

Series  connecting  in 276 

Pacinotti's 18,    14 

Gramme's 15 

Multipolar 275 

Ritchie — His  machines 8, 10,  18,  483 

On  magnetic  circuit , 115 

RoibirCs  disk  dynamo 480 


Index.  825 


PAOI 

Rooken. 78,  822 

Booking  of  brushes 78|  771 

Boessler,  on  alternate-current  wave  form. 718 

Romilly,  on  drum  winding 18 

Rotatory  magnetic  field M2,  666 

Rotor 674,  668 

In  alternating  field 688 

Effect  of  resiBtanoe  in 681 

Of  Stanley-Kelly  motor 687 

Rowland,  on  relation  between  magnetomotive-force  and  flux. 116 

Riicker,  on  limits  of  regulation 21,  242 

Bupp,  on  continuous-current  transformation •  • 727 

Disc  dynamo 480 

Ryan,  Prof,  H.  J. ,— Method  of  exploring  commutator 66 

On  armature  compensation 891 

On  synchronous  motors. 21 

On  transformer-current  curves • 711 
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fiSa7iuZX;a,  on  alternate-current  motoxB. • 21 

Salient  poles 161 

Sandwiched  coils  in  transformer 701 

Saturation,  magnetic 121 

In  compound  machine 282 

Sawyer's  inductor  dynamo 10 

Scucton's  machine • 8 

Disk  dynamo 470 

Sabers— Boosters 726 

••  Commutator  "  coils 804,  805 

.  Dynamos 488 

Electro-plating  dynamo 471 

Mining  motor 640 

On  motor  commutation 515 

On  parallel  running 766 

Schellen,  on  theory  of  dynamo 4 

SchSnenwerth  plant 682 

Schuckert  <&  Co, — Continuous-alternating  transfonner 781 

Dynamos. 440 

Sc/iii/f2r,  on  armature  reaction 86 

Scott  and  Mountain 582 

Secondary  and  primary  currents 605,  700 

•*Section"of  a  winding 60 

Self-compensating  armatures. 804 

Self -exciting  dynamo 49 
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Self -^zciting  alternators 594 

Self-governing  motors 522 

Self-induction 5(K) 

Effect  of,  in  synchronous  running. 650,  660 

In  alternators 606 

In  circuit  with  transformer 710 

Causes  sparking 79 

Self-oiling  bearings 836 

Self -starting  synchronous  motors 661 

Sellers,  Cowman— Designs  for  Niagara  plant 686 

On  double  lubrication 885 

Sellon,  on  continuous-current  transformation 727 

Separate  coils  for  excitation ; 52 

Separately-excited  dynamo 48,  5^ 

Theory  of 1 79 

Separation  of  losses 760 

Series-connecting  in  ring  armatures. ,  276 

Series  dynamo 49 

Characteristic  of 197,  204 

Efficiency  of 188 

Coupling  of 765 

Series  lighting 445 

Series  motors — Chai-acteristics  of 506 

In  transmission 509 

Series-winding  on  motor 524 

Series-winding  not  to  be  used  with  electro-plating  dynamos 469 

Shaft,  design  of 829 

Shaping  of  pole-pieces 68,  88,  95,  160,  888,  891,  898,  894,  471,  552 

Shell-transformers ....  702 

Shortrcircuits  in  armatures 773 

Shunt  coil  calculation 372 

Heating  of 870 

Shunt  current,  calculation  of 846,  370 

Shimt  dynamos. 50 

Efficiency  of 190 

Coupling  of 765 

Shunt  motor — ^Characteristics  of 510 

Constancy  of  speed 529 

Shimt  and  series  winding  on  motor 527 

SiemenSf  Alexander^  on  torque  of  motors 508 

On  shunt  dynamo 211 

Siemens,  Sir  William — Efficiency  of  motors  491 

Early  researches 11,  16 

On  transmission  of  power. 490,  510 

On  shunt  dynamo 21o 

On  compound  winding 57 
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tftem^iM,  Werner  tHm— Self-exciting  dynamo 18 

On  armature  reaction 86 

Mining  drill 646 

Shuttle-wound  armature 11,  88,  469 

Invents  name  of  dynamo 18 

On  transmiflsion  of  power 491 

Siemerui — Alternating-continuous  tninsformers 728 

Alternators 609 

Dynamo(old) 15,33,158,469 

Dynamo  (new) 404 

„       characteristics  of 196,201,  211 

„        efficiency  of 195 

Homopolar  dynamo. 475 

Mining  drill 546 

On  efficiency  of  motors. 491,  493 

Law  of 498 

Winding 803 

SiemeTis  and  Halske— Alternators 609 

Brush-holder 825 

Dynamos 163,802,867,897,  406 

Electro-plating  dynamos , 469 

Ring  dynamo 168 

Silver,  deposition  of 783 

Silver  solder 805,  610 

Sine  curve 87,  62,  548,  550,  558,  569,  718 

Sine-curve  controversy 553,  569,  713 

Single-phase  motors 687 

Sinsteden — Self-exciting  dynamo 10 

On  theory  of  dynamo 19 

Size  of  dynamo  in  relation  to  output 108,  840,  877 

Size  and  output  in  relation  to  oooUng  surface 876 

Skin-effect 578 

Slater  Levins'  regulator 745 

Sleeve  for  armature 292,  832 

Sliding  contacts 5,  85,  312,  826,  384,  475,  585,  630,  673 

Sliding  rails 769 

Slip  in  asynchronous  motors 666,  675,  678,  679,  681 

Slip  in  monophase  motors. 688,  691 

Slip-rings  (see  Sliding  contacts) 

Slotted  armature 343 

Smithf  Rev,  F.  J, — Method  of  measuring  torque 185 

On  work-measuring  machines 755,  756 

Smith,  Holroydy  his  brush 821 

Smith,  WilloughJby,  on  homopolar  dynamo 476 

5n6l/— Motors. 538 

On  horse-power  of  motors 531 
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SneO,^  on  size  and  output 886 

South  London  Electric  Railway  plant 424 

Spacing  in  armature  winding 246,  256 

Sparking— Caufies  of '. 78,881,450,771 

Prevention  of 80,  881,  387,  897,  450,  514,  771 

Specification  of  alternators 787 

Of  dynamos 785 

Of  transformer 789 

Specific  utilization  of  copper 868 

Speed— Dependence  of  volts  on 21,  45, 178,  846,  476,  549 

Advantage  of  high 47,  869 

Peripheral 109,  299,867,  476 

Regulation  of  shunt  motor 511 

Relation  of,  to  characteristic 205 

(See  aUo  Critical  speed  and  Slip) 

Sperry's  arc-light  dynamo 465 

Spherical  armature • 458 

Spherical  bearings 884,484,  628 

Spiders 290,  382 

Spiral  winding 596 

Split-phase  motors 689 

Splitting  the  phase 689 

Sprague,  F,  J. — Motors 584,  586 

On  motor  regulation 522 

Spurious  resistance 89 

Square-root  of -mean-square 554 

Squirrel-cage  rotor 667 

Stafford  and  Eaves'  electro-plating  dynamo 470 

Staggered  poles 686 

Stampings  for  cores 286,588,674,702 

Stanley^ 8  constant-current  alternators 640 

Stanley-Kelly — Inductor  alternators 641 

Two-phase  motor 686 

Star  connection  of  polyphase  circuit 669 

Starting — Dynamo 769 

Of  motors 509 

Torque  of  asynchronous 680 

Stator 668,  674 

Statter'8  arc-light  dynamo 465 

Steam  consumption,  test  of 762 

Steel,  magnetic  properties  of 128,  184 

SteinmetZy  on  alternate-current  wave  form 712 

On  asynchronous  motors 685 

On  polyphase  motors 21 

On  loss  by  hysteresis 187 

On  synchronous  motor 21,  659 
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Step  up  transformers 094,  787 

StiffnessB  of  field 898 

flfto^rer— Disk  dynamo 479 

Machine 8 

Storeh,  on  size  and  output 109 

Stranded  copper  conductors 299 

Stray  field 150,  153 

Stray  power 106,  758 

Street-tramway  generator 488 

Stress,  effects  of,  on  magnetism 294 

Stresses  in  shaft 881 

Stroht  A.,  constructs  self -exciting  dynamo 18 

Stromberg,  on  armature  reaction 80 

Sturgeon — Machine  and  commutator 8,    88 

On  magnetic  circuit 115 

Wheel 488 

Summation  of  electromotive-forces 591 

Sunk  wmdings 284,  286 

Surface  of  heat  emission 878 

Surface  windings 284 

Sunnbumet  JameSt  on  arm«iture  exploration 64 

On  armature  reaction 882 

On  armature  compensation 889 

Dynamo  designs 262 

On  dynamo  testing 758 

Method  of  end  connecting 807 

,,        exploring  commutator 63 

Transformers 707,  714,  717 

Synchronizer 659 

Synchronizing  alternators 659 

Synchronous  motors 21,  647 

Variation  of  excitation  of 652,  656 

Synchronous  polyphase  motors 660 

Symbols,  table  of 169 

T 

Tables — Of  binding  wires  of  Edison  dynamos 297 

Of  circuits  of  Brush  dynamo 456 

„  Thomson-Houston  dynamo 462 

Of  constant-speed  generator  and  motor  compared 528 

Of  cross-sections  for  different  shapes 378 

Of  current  and  volts  of  Siemens*  machine 108 

Of  data  of  A.  KG.  motor 588 

„        of  Croker  and  Wheeler's  motors 536 

of  Edison  dynamo 430,  481 
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Tables— 

Of  data  of  Edison-Hopkinson  dynamo 854 

„       of  Elwell-Parker  continuous-current  transformer. . .  725 

„       of  Kapp  dynamo. 857,  358,  868 

„       of  Spra^e  motors 535 

„       of  Westinghouse  Co. 's  street-car  motors 543 

Of  effect  of  joints  in  wrought  iron 180 

Of  efficiency  test  of  Ooolden-WiUans  plant 486 

„  „       Snell  motor 533 

Of  electro-metallurgical  data 783,  784 

Of  flux-densities  in  dynamos 868 

Of  flux  through  various  parts  of  Lahmeyer*s  dynamo 158 

Of  heat  waste  at  different  current-densities 871 

Of  hysteretic  constants 187 

Of  hysteresis  waste 140 

Of  journal  sizes 830 

Of  leakage  coefficients. ...» 151 

Of  motor  speeds  and  currents 488 

„    torque  and  currents 607 

Of  pole  width  of  alternators 589 

Of  shunt-motor  speeds 529 

Of  symbols 169 

Of  transformer  data 714 

,,  relations. 720 

Of  triplex  two-pole  drum  winding 274 

Of  values  of  B,  fi  and  H  in  iron 126 

Of  winding  of  Lauffen  three-phasers 629 

,,        on  Siemens  plan 260 

Of  two-pole  drum  winding 247 

Of  two-pole  symmetrical  winding 265 

Of  four-pole  drum-winding 269 

Of  eight-pole  drum  winding 268 

Of  lap  winding 255 

Of  wave  winding 255 

Wire  gauge  and  amperage , .780,  783 

Tape  {see  Insulation) 

Tathani,  on  dynamometry 756 

Teazer  coils 56,  451 

Teeth  of  armature  cores. 14,  48,  99,  287,  843,  602 

Produce  eddies  in  pole-pieces 98 

Temperature  rise  (see  Heating). 

Terminal  potential  difference 202 

Tesla,  Nikola — High  frequency 570 

On  polyphase  work 665 

Split-phase  motors.. *. . .  689 

Two-phase  motor 671 


Index.  831 


PAGE 

Testing  dynamos 751 ,  768 

Specification  of 787,  789 

Testing— For  faults  in  annature 752,  778 

Insulation  resistance 752 

Temperature-rise 752 

Tests  of  car  motor 542 

Theoxy  of  compound-wound  motors ' 522 

Of  continuous-current  transformation 727 

Of  dynamo 19,22,45,  168 

„  alternate  current 573 

0  series  wound 188 

yt  shunt  wound 190 

^  compound  wound 224 

Of  electric  motive  power 489 

Of  monophase  motors 690 

Of  polyphase  motors 675 

Of  the  synchronous  motor 648 

Of  transformer 699,708,  719 

Thickness  of  core-disks.. 284 

Third  brush  for  shunt  coil 52 

Th(ymp%(mj  M,  E.,  on  armature  distortion 69 

Thempson,  S.  P.,  on  armature  exploration 68 

Method  of  compensating  armatiu-e 890 

Thonuon,  Elihu,  on  armature  compensation 889,  891 

On  breadth  of  alternator  coils 590 

On  continuous-current  transformation 727 

On  dynamometric  governing 749 

Experiments  with  alternating  current 687 

His  inductor 642 

His  open-coil  dynamo 16 

On  transformer  conductors 717 

On  constant-current  transformers 717 

Thomson-Houston — Dynamo 458 

Transformer 714 

Thompson^  James,  on  brake  dynamometer 755 

Thompson,  Joseph  J.,  on  joints  in  magnetic  circuit 129 

On  skin-eflfect 578 

Three-dynamometer  method 568 

Three-phase  alternators 599,  604,  627,  644 

„  convertable  to  single  phase 686 

Combinations... » 664 

Currents 600,  665,  670 

Inductor  alternator 644 

Three-voltmeter  method 568 

Three-wire  system,  transformers  for 718 

Thrust  bearings ^ 338 
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ThuT%i<m^  on  Brush  dynamo 458 

Thury — Continuous-current  machines  for  transmission, 736 

Dynamos 442 

Inductor  alternators 646 

Regulator 745 

TimmtrmanUy  A,  H.  and  C,  E.,  on  radiatioi;!  of  heat. 376 

Tooth  (see  Teeth). 

Torque  of  alternators 571 

Of  armature 96,100,103 

Constant ' 749 

Of  asynchronous  motors 676,  681,  685 

Of  monophase  motors 691 

Of  motors 501,  503 

Of  synchronous  motor 650 

Traction  motors 540,  545,  546 

«*  Trailing  "  polar  horn 76,94,  383 

Tramway  generators  433 

Transformers 694 

Construction  of 700 

Continuous-current 724 

Design  of 715 

For  constant  current 717 

For  insulation  tests 752 

Modem  types 702 

Polyphase 718 

For  three-wire  systems 716 

Specification  of 789 

Transformer-action  of  polyphase  motor , 676 

Transformer-cases,  specification  of 790 

Transmission  dynamometer 755 

Transmission  of  energy 733 

At  high  voltage 694 

By  alternate  currents 647,  651 

By  polyphase  currents. 668 

Two-series  motors  in 509 

Triplex-winding 273,  274 

Trotter,  A,  P.,  on  magnetic  leakage 153 

On  motor  regulation 530 

Regulator 747 

True  watts 567 

Turbo-alternator 625 

Two-phase— Alternators 599,  634 

Combinations 663,  670 

Currents 600 

Motors 661,666,671,673,  686 

'•  Tyne  "  dynamo  brush-holder 882 
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ITndeb^ttpb,  sapport  of  armataxe  in •• ••• 827 

Unipolar  dynamo • 6,  475 

Units,  connections  between • 101 

UnitBv  magnetic 112,  144 

VnusiUy  on  brake  dynamometer •••••• • 755 

^  Vppenhom,  on  compound  winding.. •••••• •••. 242 

On  homopolar  dynamos. •••! • 477 

Useful  points  in  designing 8(t7,  681,  688t  078,  702,  715 

Utilization  of  copper,  specific • 868 

V 

Tan  3faZ(26ren'«  machine. • 10 

Varley,  CromtDeU  F. 174,  701 

His  transformer • 701 

Varley  C,  and  8.  A.^  self -exciting  machine 12 

Var^,  5.  ^//red,  on  compound  winding..  •• 56 

On  homopolar  dynamo 475 

H  is  machines 12 

Varley,  F.  H.,  his  machine 12 

Varley,  O,,  his  machine 12 

Ventilation  of  armatures..  .164,  292,  295,  878,  896,  408,  420,  452,  616,  628 

Of  field-magnets 878 

Of  transformers 708,  716,  717 

Vertical-shaft  dynamo. 412 

Vibration  and  noise 295,  777 

"Victoria"  dynamo 276,285,  417 

VincenVs  multipolar  drum 16 

Virtual  volts  and  amperes. • 558,  564 

Voltage  required  in  deposition 784 

Volts  lost  in  the  armature 180 

Volts,  virtual 554 

Volume  of  magnetizing  ooiL •••• 871 

Volume  («e6  Output). 

Vulcanized  fibre  {see  Insulating  Materials). 

W 

Walenn^  on  reversibility  of  dynamo... 18 

Waltenhofeii,  on  theory  of  dynamo 20 

Warburg,  on  loss  per  magnetic  cycle. 185 

Wasted  power — In  copper 847,  871,  761 

In  iron 187,140,847,  761 

Waste  of  power  at  different  current-densities. 871 

Waterhouae^a  regulator. 747 
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WaildnSy  his  machine 8 

Watt,  the 200 

Wattless  current • 567 

Wattmeter 568 

Wave  form  {p,nd  see  Sine  curve) • 549,  553 

Of  trausformer  currents 712 

Wave  winding 596 

Webber^  on  motor  generators  at  Chelsea 725 

T^e&er,  on  laws  of  induction 19 

On  theory  of  alternate  currents 573 

On  unipolar  induction 475,  478 

Weber,  H.  F,,  on  Lauffen  transmission 742 

Weber,  the 144 

Wedding,  on  alternate-current  wave  form 712 

Weight  of  dynamos  (see  also  Output),  405,  412,  416, 426,  429,  438, 444,  626 

Of  copper 416,626 

Weishaeh,  on  power-measuring  machines 755 

Wenster(ym,---T>Ynaxno  test  of 764 

Pierced  core-disks 290 

Weatinghouae  Co. — Air-blast  for  cleaning 771 

Alternator 583,602,  626,  688 

Core-disks 288 

Niagara  alternators 688 

Street-car  motors 542,  544 

Transformer 703,  714,  717 

WestorCa  dynamos 16,  160 

Wheatatone,  Sir  Charlea— Motor 18 

On  self-exciting  dynamo 13 

Machines 9,  10 

Use  of  electromagnets 9 

Wheel  dynamo 479 

Wheeler,  on  parallel  running 766 

Whirls  of  magnetic  lines 26 

Widening  of  gap-space 379 

Width  of  pole-faces  (see  Pole-pieces) 

Wiener'a  data 339 

Wi7(fe's  Alternator 580 

Dynamos 10, 11, 16, 48,  469 

WUlan'a  Grovemor 748 

High-speed  engines 426,  434 

Willesden  paper  (see  Insulating  materials). 

Wilson,  on  retardation  of  magnetism 142 

Winding  of  alternators 596 

Of  armatures 297 

Of  field-magnete 872,607,611,  621 

Of  Lauffen  generator 630 
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Winding  of  alternators— 

Of  multiplex  armatures 272 

Of  polyphase  motors. 667»  678,  686 

Tables 247,255,260,266,268,269,  629 

Of  transformers 700,  715 

Relation  of,  to  characteristic. 207 

Triplex 278,  274 

Wires  («ec  also  Binding  wires  and  Cores) 776 

Wire-wound  armatures 298 

WormA  de  Romilly,  on  drum  winding 15 

iroocfs  arc-light  dynamo 465 

Wood  {see  also  Insulating  materials) 

For  distance  pieces 286,804,  807 

For  wedges 602 

For  driving  horns 296 

WoolricKs  machine • • • 8,  469 

Work  done  by  conductor  in  field • 104,  486 

Bymotor 496,  501 

Z 

Zbuner*s  valve-gear  diagram • • 551 

Zicfc/er,  on  compound  winding 242 

Zinc — Cost  of,  for  motive  power • 485 

Use  of,  for  footsteps 152,854,  425 

"  coil  frames 613 

Zipemow8ky*8  Alternator .584,  611 

Transformer 702 


